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“Twenty years from now 
you will be more disappointed 
 by the things that you didn't do than 
by the ones you did do. 
So throw off the bowlines. 
Sail away from the safe harbor. 
Catch the trade winds in your sails. 
Explore. Dream. Discover.”  
 
-Mark Twain 
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Abstract 
 
During recent years wind turbine technology has undergone rapid developments. Growth 
in size and the optimization of wind turbines has enabled wind energy to become 
increasingly competitive with conventional energy sources. As a result today’s wind 
turbines participate actively in the power production of several countries around the world. 
These developments raise a number of challenges to be dealt with now and in the future. 
The penetration of wind energy in the grid raises questions about the compatibility of the 
wind turbine power production with the grid. In particular, the contribution to grid stability, 
power quality and behaviour during fault situations plays therefore as important a role as 
the reliability. 
The introduction of the present work briefly presents the development of wind turbine 
technology. Several wind turbine types are discussed and the motivations for this project 
are stated. The main motivations are the challenges related to the grid connection of wind 
turbines. 
The second chapter elucidates recent thinking in the area of grid connection by discussing 
several grid codes or grid requirements. In the discussion it is tried to present the view of 
the transmission line operators as well as the challenges wind turbine manufacturers such 
as Vestas faced.  
Modelling has an important role in the research and development of system changes 
because it allows many difficult questions to be answered. The varieties of challenges that 
must be addressed in such modelling are not met by any single modelling software 
program. In addition a huge range of in-house programs from different companies exist, 
the most widely known software for current research on the power grid are PSS/E, 
EMTDC/PSCAD and DigSilent. In general research and especially for control 
developments the software Matlab/ Simulink is used. In all these programs simplified 
general models for different research purposes or specific detailed models have been 
developed and are used today. However, since wind turbine technology only has recently 
had to address grid related problems, models do not satisfy the demands peculiar to this 
technology. In particular, the role of both the wind turbine itself and the grid with respect to 
their influences, interaction and behaviour under grid faults or asymmetrical operation 
need further investigation. The present thesis therefore deals with the development of an 
improved wind turbine model. For the modelling the well known and widely used program 
Matlab/ Simulink has been chosen. The program is a powerful tool for solving and 
representing mathematical differential equations and therefore provides the opportunity to 
combine a wide range of different modelling issues. 
The improvement of the large doubly-fed induction generator model as an interface 
between the mechanical and electrical characteristics of a wind turbine takes a central part 
in this research process. Chapter 3 presents the development and implementation of a 
detailed analytical three-phase induction machine model. The model uses only a minimum 
set of parameters as supplied by the generator manufacturers of Vestas. The accuracy of 
the simulation is improved by including the saturation of the main and the leakage 
inductances, which has been validated by test bench measurements. The influence of the 
generator saturation effects are discussed with respect to the behaviour of the machine 
itself and to the complete wind turbine behaviour. 
Although the generator model is of primary interest for improving the wind turbine model, 
the implementation of the other elements completing a total wind turbine model have been 
challenging as well. In chapter 4 the development of a three-phase transformer model and 
especially a three-phase autotransformer as used in a Vestas Turbine is shown. 
Chapter 5 deals with the development of transmission lines and electrical elements 
connecting the transformer and generator and giving the possibility to create a small 
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electrical network and thereby give the possibilities to research the dynamics introduced 
by a fault in the grid. 
The wind turbine models are completed by modelling the mechanical and aerodynamical 
parts of the wind turbine and include the control system. In this thesis models of the two 
different wind turbine types, one with pulsed rotor resistance control (Vestas OptiSlip 
control) and another one with doubly-fed control (Vestas OptiSpeed control) have been 
implemented. 
Finally two fault situations have been studied with the two developed wind turbine models. 
The influences on the generator as well as the behaviour of the wind turbine during these 
faults are briefly discussed based on the simulation results. 
It can be concluded, that it has been possible to build advanced wind turbine models in 
Matlab/ Simulink for researching fault situations. However, one conclusion of this thesis is 
that Matlab/ Simulink might not be the ideal tool for studying a detailed complete model of 
a wind turbine including a small power system. The complexity of the differential equations 
combined with a huge number of iteration processes leads to instabilities, which limit the 
use of the model. Investigations in optimisation of the implemented models are advised. 
Otherwise the presented models can be seen as basis for further modelling investigations. 
The developed models are open for further extension for different purpose, e.g. research 
of the harmonics. 
The introduced saturation effects of the machine definitely have an influence especially 
during the simulation of asymmetric fault situations and should be included in models for 
investigations into the fault situations for wind turbines, even though the influence is much 
less than expected at the beginning of this work. The reduced influence of saturation is 
related to the control of the machine, which basically compensates for the error caused by 
the machine’s natural behaviour. The saturation effect is decreased particular during the 
doubly-fed operation with a very strong control. It does however increase again, if the 
control system is disabled, as it is initiated for converter protection during fault situations, 
the effects related to saturation of the machine increases again. Further work may be done 
on the investigation on the influences of the protection systems or further validation of the 
whole turbine system. 
Furthermore it can be said, that the developed two wind turbine models can be used for 
the research of grid faults. The model is amenable to further development for different 
research interests, for instance the development of control strategies or the development 
of a detailed gear model for the research of stresses. 
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Chapter 1 
 
1. Introduction 
 
The produced electrical power from wind has dramatically increased in the last years. 
Therefore today’s wind turbines, which typically are centralised in wind parks, have a 
significant influence on the power production. Besides the merge of several wind turbines 
into bigger units in wind farms for increasing the production from wind energy the wind 
turbine itself has developed in size and technology rapidly in order to extract more energy 
form the wind and reduce the cost per produced kWh. During these developments the 
wind turbine has to overcome various kinds of problems and master new challenges. 
 
 
1.1 Wind turbine technology 
 
There exist a huge range of possible wind turbine configurations. Most commonly wind 
turbines are sorted into the two major categories of “fixed speed turbines” and “variable 
speed turbines”. There is a wide range of topologies classified into these groups. A 
comparison and discussion of a few concepts can be found in /32/, /34/, /35/, /36/, /101/. 
The most commonly used concepts are pictured in Figure 1 
 
Fixed speed wind turbines equipped with asynchronous or induction generators directly 
connected to the grid is one of the oldest and simplest concepts, which was first used in 
Denmark, and therefore known as the “Danish concept” (see Figure 1 a).  
Variable speed turbines with induction or synchronous generator, directly or indirectly 
connected to the grid have become more and more important in recent years (see in 
Figure 1 concepts b) – f)). Possibilities such as mechanical load reduction and more 
efficient energy production, due to intelligent control strategies, make these concepts a 
beneficial economic solution. Furthermore these types are better grid compliant compared 
to the fixed speed turbines. The possibility to independently control the speed decoupled 
from the grid, gives the possibility to decouple frequencies resulting from the wind 
fluctuations from the grid, which reduces flicker contribution. The converter integrated in 
variable speed wind turbines gives the possibility to actively control the power output of the 
wind turbine, which is increasingly important for the integration of wind turbines into the 
grid /3/, /12/, /41/. 
The fixed speed wind turbine is a self controlled concept. With increasing wind speed the 
laminar wind current flow around the fixed blade profile breaks and the turbine loses the 
possibility to obtain energy from the wind, the turbine stalls. The squirrel cage induction 
generator which transforms the obtained mechanical energy into electrical energy is 
directly connected to the grid. The speed of the generator may differ from the grid 
frequency due to the slip variation of the generator, which is up to 1%. 
The variable speed wind turbine is usually equipped with a pitch control, where the blade 
can be turned to increase or decrease lift forces on the blade profile and thereby 
continuously control energy absorption from the wind. The active pitch control is designed 
to optimize the power obtained from the wind by changing the rotation speed of the rotor 
and the pitch angle and therewith gain an optimum current flow around the blade. The 
therewith achieved variable speed range at the turbine shaft or generator axes is different 
from the fixed frequency of the power system to 50Hz or 60Hz. A direct coupling of a 
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synchronous generator to the grid is therefore not possible, and a squirrel cage induction 
machine is too small in speed variation possibilities (<1%), which would limit power 
production only in a synchronism of the shaft speed and grid frequency. To enable an 
efficient power production at a huge range of different wind speeds the mechanical speed 
has to be decoupled from the grid frequencies. One method to decouple the two systems 
is to use a full scale power converter between the generator and the grid. This may give a 
speed variation up to 120%. The success of this concept has been limited over many 
years due to technical development in the area of power electronics and associated costs. 
 
gear-
box ASG
n f
gear-
box ASG
n f
gear-
box ASG
n f
gear-
box ASG
n f
gear-
box SG
n fDC
SG
n fDC
a) direct grid connected asynchonous
generator with short circuit rotor
c) dynamic  slip control with slip ring
generator
b) grid connection via converter of an
asynchonous generator with short
circuit rotor
n = (1-s) f / p    s   =  0...0.08
(output  dependent)
inductive power consumer
n = 0.8 ... 1.2  f / p  (controllable)
inductive power consumer
n = (1-s) f / p    s   =  0...0.1...(0.3)
(output  dependent, dynamic)
inductive power consumer
f) doubly-fed slip ring asynchonous
generator
n = 0.7...1.3 f / p
(output  dependent, dynamic)
inductive power consumer
e) grid connection via converter and
synchonous generator with excitation
system
d) grid connection via converter and
synchonous generator with excitation
system
n = 0.5...1.2 f / p (controllable)
1) with thyristor converter - inductive power consumer
2) with pulse inverter - controllable reactive power
output
n = 0.5...1.2 f / p (controllable)
1) with thyristor converter - inductive power consumer
2) with pulse inverter - controllable reactive power
output
 
Figure 1 Examples of generator concepts for wind turbines /35/  
(note the used figure from the book defines positive slip values for generator operation) 
 
Another way to connect a variable speed wind turbine to the grid is to use a doubly fed 
induction generator (DFIG). Wind turbines equipped with DFIG have become more and 
more common during the last years. It combines the advantages of pitch control with an 
efficient transmission of the power to the grid and the possibility of dynamic control of 
active and reactive power. Wind turbine technology benefits from the developments in the 
area of drive control. Essential progress in the dynamical control of machines brought the 
introduction of field oriented control by Blaschke /7/. In the following years until today 
research to improve the principle has been done /6/, /33/, /36/ - /38/, /59/, /64/, /70/, /80/. 
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In a system with DFIG the converter is placed to feed into the rotor of the machine while 
the stator is direct connected to the grid. Through the converter it is possible to control the 
supply, or extract the energy to the rotor of the induction machine. Thereby the machine 
can be controlled to run between sub synchronous speed and over synchronous speed 
(speed higher than synchronous speed). Usually a variation from -40% to +30% of 
synchronous speed is chosen. The total speed variation is between 60% and 70%. Under 
these conditions the power converter has only the size of a thirty, maximum a forty of the 
rated power, which is beneficial both economically and technically. In the world leading 
company Vestas the wind turbine concept with DFIG control is known as the OptiSpeed 
turbine (Figure 2). 
 
 
gear-
box DFIG
n
DC
pitch
P, Q
P
P, Q
P, Q
Pwind
 
Figure 2 Vestas OptiSpeed wind turbine with Doubly Fed Induction Generator 
 
Beside this concept Vestas also uses another concept, which technically is a variant 
between the fixed speed turbine and a variable speed turbine. The so called OptiSlip is 
based on the concept of speed or torque control while using variable impedance at the 
rotor of the induction machine (similar as Figure 1 c). Vestas uses this concept to achieve 
a speed variation of 10% (sub synchronous). The benefits are the simplicity of the system, 
as in a fixed speed turbine but at the same time having the possibility of flicker regulation 
and load minimisation especially at high wind speeds. 
 
 
1.2 Motivation and Aim of the Project 
 
A wide range of research and development in the field of wind turbine technology to find 
the optimal concepts for wind turbine operation has been done in the past. The main focus 
thereby was the maximisation of energy production from the wind and cost reduction. 
The increasing number of wind turbines connected to the grid shifted the focus of the 
research towards grid stabilisation. With the preferred broad use of the Danish concept the 
awareness of new power quality issues has risen. The fixed speed wind turbine couples 
the dynamics of the wind directly to the grid through the induction generator, which causes 
a poor quality power output of the turbine. An increased number of this wind turbine type 
integrated into the grid affects the power quality of the whole system.  
Even the variable speed wind turbines are generally better grid compatible than fixed 
speed wind turbines, Network operators, who have to ensure well function power 
transmission and supply to their customers have given the wind turbines more and more 
attention. Induction generators for energy production are not known, especially not of the 
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size today used in today wind turbines (NEG Micon 4.2MW, Vestas 3.0MW). Historically 
power production is made by synchronous generators. Therefore there are no experiences 
with the integration of a large number of induction generators into the grid. 
For answering these questions, measurements have been carried out and simulation 
models developed, mainly for the fixed speed wind turbines with squirrel cage induction 
generator. Results of the research from impact on the voltage quality and power fluctuation 
are shown in /5/, /15/, /29/, /45/, /73/, /89/, /101/. Important tasks are the grid connection 
and thereby connection and disconnection of the wind turbines, grid disappearance, short 
circuit power contribution, voltage dips and power quality during the production /1/, /44/, 
/56/, /58/, /76/, /77/, /85/. Network operators started to introduce grid connection 
requirement for the connection of wind turbines all over the world /12/, /16/, /17/, /61/, /67/, 
/90/. 
However, the requirements are for all turbine types and the development of wind turbine 
models for the study of variable speed wind turbines with DFIG is still being developed. 
Wind turbines with DFIG have the advantage of fast electrical control. This gives the 
opportunity to use a wind turbine like a power plant. With special control strategies the 
wind turbine can even support the grid e.g. the power factor /84/, /90/, /93/. However 
existing models are mainly made with the purpose to develop control strategies and 
therefore do not express the dynamic behaviour of the whole turbine on the grid, e.g. 
influence of drive train oscillations and transformer asymmetry is missing /1/, /75/, /84/. 
 
.
.
.
GWTGWTGWT ...
GWTGWTGWT
GWTGWTGWT
load
Control &
Protection
 
Figure 3 Power System Stability research with 
a wind farm connected to a larger grid 
IG
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Figure 4 Wind Turbine stress research 
 
Where on one side the network operators need wind turbine models to ensure well 
functioned power system (Figure 3) on the other side wind turbine manufacturers have to 
design a high quality product for a reasonable price. As the wind turbine affects the grid, 
the grid affects the function of the wind turbine itself. Determining the load caused by 
voltage dips, asymmetries or short circuits on the electrical as well as mechanical system 
require detailed models (Figure 4). These models contribute with a detailed knowledge 
about e.g. the torque on the wind turbine shaft caused by faults in the grid or transient 
current rises which is important for the estimation of the load on the wind turbines. An 
accurate as possible knowledge ensures the availability of the turbine for the estimated life 
time and low costs as well as help for the design of new wind turbines. The typical model 
studies requirements are summarized in Table 1-1. 
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Table 1-1 Typical study description for wind turbines models 
 Network operator models Wind turbine manufacturer 
Type of analysis Power system stability /55/ 
- Steady state (load flow) 
- Transient dynamics (large disturbances) 
- Small signal stability (small disturbances) 
- Stability studies including short and long term 
dynamics (angular, frequency, voltage stability) 
Wind turbine stability 
- Transient dynamics 
- Load analysis 
Time scale 0…ms…10s…min  0…us…ms…s 
Model type - turbine model as wind turbine unit -> several 
units in wind farm 
 
- detailed turbine model with e.g. 
detailed transformer model, 
generator model 
 
Wind turbine modelling is therefore an important part in the study of control, design, 
production and grid integration of wind turbines. One important issue while developing 
models is the clarification of the purpose of the model. Any assumptions made during the 
model development, which lead to simplifications of the model itself, are important in order 
to validate the correctness of the results. Creating a complete wind turbine model with 
predefined elements in the available professional software like EMTDC/ PSCAD, DigSilent 
or PSS/E can introduce a difficult task to find the assumptions during the development of 
the program. Furthermore some elements are not represented in the software packages 
and force either modification of the model with an equivalent design while using available 
elements or the creation of own models. Validation of the correct behaviour of the total 
wind turbine model under these circumstances can be quite a difficult task. The most 
common way for clarifying the correctness of the model is the use of measurements, 
although, in some operations it might be difficult to obtain useable measurements e.g. 
short-circuit of a 3MW wind turbine. But especially these abnormal situations have recently 
come in the focus. 
Although network operators and wind turbine manufacturers have a lot of similar interests 
and requirements, wind turbine producers have an additional focus on the product itself, 
which requires the use of additional software tools. The effectiveness of the model in terms 
of simulation speed is thereby not that as important as the quality of the simulation result. 
With considering the different aspects towards wind turbine simulations for a wind turbine 
manufacturer such as Vestas the following requirements to a wind turbine model can be 
stated as. 
 
• Development of a total wind turbine model which is appropriate for fault simulations 
into one programme. 
• Development of an open wind turbine model with an ability to add features for future 
wind turbine development. 
• Development of a detailed generator model able to handle asymmetries, fault 
operations, a huge range of different generators and a minimum data input. 
• Possible research on different generator models to gain knowledge about generator 
effects e.g. saturation influences. 
 
The main goals of the project can be concluded in the following points: 
 
1. Clarification about the requirements due to wind turbines operation with focus on 
non-normal operation modes. 
2. Achievement of a generator model in Matlab/ Simulink handling the above 
mentioned requirements. 
3. Implementation of two total specific wind turbine models in Matlab/ Simulink 
appropriate for grid fault simulation studies. 
4. Research of the generators, grid fault influences to the wind turbine. 
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1.3 Thesis outline 
 
This thesis deals with the development and research of wind turbine models for the 
simulation of wind turbine operation in normal and especially abnormal operations. The 
models are developed with the special focus on simulation of the turbine in grid fault 
situations and other tough operation modes (grid codes). A self developed model has the 
advantages that assumptions and limitations are known. This model can be used 
additionally to verify models in other programs and reveal potential differences, which 
would otherwise be overlooked. Another advantage is the freedom to develop the model 
expressing the wind turbine as it exists in reality, while using the available data. 
For the present work the known tool Matlab/ Simulink has been chosen. Matlab is a world 
known and recognised program. The graphical user interface – Simulink is widely known 
from the research in control strategies and gives the advantage to solve time dependent 
mathematical equations without deeper programming skills and seems therefore useable 
software for the solving the task. 
The main parts of the thesis therefore deal with the modelling and implementation of 
different components of the wind turbine in the form of a library, which gives a variety of 
simulation possibilities. 
Special focus has been given to the modelling of the generator. Detailed modelling of the 
generator is crucial in order to gain realistic behaviour of the wind turbines during faults. 
Simplification of the model is therefore only limited possible. The main limitation to the 
model is the available set of data and the software itself. A three – phase generator model 
implementation is a further focus of the work, but other known simplified models will be 
discussed as well. 
The transformer model and the network models are implemented in different grade of 
details and can be arbitrarily exchanged in the total wind turbine model.  
The two common Vestas turbine types OptiSlip and OptiSpeed have been implemented as 
example for the wind turbine modelling study. In Figure 5 modelling focus is visualised. 
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Figure 5 Schematic of modelling the Vestas OptiSlip and OptiSpeed system 
 
With these two wind turbine models examples of the stresses occurring during a standard 
fault will be shown. The type of the fault is a typical situation as discussed in grid 
connection requirements, which will be discussed in the beginning of the thesis. 
 
Following one main focus of this work, which is the development of a generator model for 
a wind turbine under grid faults, the thesis starts with the clarification of the requirements 
with looking at the recent grid code discussion. To point out the main research area this 
study is followed directly by the developments of the detailed models; the electrical 
components (see Figure 5). To continue the detailed modelling of the electrical 
components of the wind turbine and finish the electrical development issues the thesis will 
describe the grid, before shifting to the less discussed topic of mechanical component 
modelling of the wind turbine. The mechanical and aerodynamical model of wind turbines 
are the focus in many other investigations and therewith will not be discussed as much, 
although it is important for the completion of a total wind turbine model and can therefore 
not be left out of the description. The similar matter is the control strategies. The both 
presented control strategies are not the focus of the research, although have an important 
influence on the behaviour of the wind turbine, and therewith are briefly discussed in the 
end part of the thesis before setting the focus towards the fault simulations with the wind 
turbine models. 
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The content of the thesis in chapters after this introduction is: 
 
 Chapter 2 Grid connection of Wind Turbines gives an overview over the main points 
in the recent grid connection discussion. 
 
 Chapter 3 Induction Machine Models shows the development of induction machine 
models, including saturation effects. In this chapter space vector theory is introduced and 
applied for machine modelling. 
 
 Chapter 4 Modelling of Transformers explains the development of three-phase 
transformer models. 
 
 Chapter 5 Power system modelling in Matlab/ Simulink describes a solution to 
connect electrical elements in Simulink. Additionally transmission line theory and modelling 
are introduced. 
 
 Chapter 6 Wind Turbine modelling shows the modelling of the non-electrical 
components of a wind turbine exclusive the control system. 
 
 Chapter 7 Control of a wind turbine with controlled rotor resistance explains on the 
used example of the Vestas OptiSlip turbine control systems and therewith concludes one 
complete wind turbine model. 
 
 Chapter 8 Wind turbine with a doubly-fed induction generator control completes the 
second wind turbine model with using the arrangement of the Vestas OptiSpeed control 
system. An overview of the most important control features of this turbine is given. 
 
 Chapter 9 Fault simulations with total wind turbine models present two fault 
simulations with both the achieved Vestas models. 
 
 Chapter 10 Conclusion summarizes and concludes the most important results 
obtained in this work and sketches the perspective and future work regarding the wind 
turbine models. 
 
 Appendix includes all references used in this theses as well as symbol explanation 
and as well as copies of two published papers during the Ph.D. work. 
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Chapter 2 
 
2. Grid connection of Wind Turbines 
 
In the introduction the importance of grid connection issues were briefly introduced. The 
following chapter will highlight two major viewpoints to this issue. The first point is the view 
from the system operators or the responsible institution for power transmission and 
production in a country. As an example five different countries are studied. The second 
view is from the wind turbine manufacturer, who is producing the “power plant” and 
therefore the product to the energy supplier companies. Finally a closing discussion states 
some of the points, which should be considered for the grid connection of wind turbines. 
 
 
2.1 Transmission system operator view 
 
Even though power production from wind turbines has been known for several years the 
discussion for connection of wind turbines has arisen in recent years as the produced 
power by wind turbines increases. Furthermore, it became more and more common to 
install several wind turbines connected in wind farms or wind parks, which changes the 
view from wind power as a supplementary power source to the issue of possible 
substitution of conventional power plants with wind power.  
Connection requirements for electrical devices to the grid have a long history in order to 
ensure stable operation of the grid. These requirements are besides juristic terms 
concerning frequency, voltage, power production and many others characteristics of the 
system. 
Because common power plants are usually equipped with large synchronous machines, 
grid connection requirements are fitted to meet the operation from electrical networks with 
synchronous machines. Most commonly wind turbines are equipped with induction 
machines. Historically induction machines have been treated as consumer of the electrical 
grid and not as supplier. Experiences with induction machines connected in large numbers 
of wind turbines as energy supplier on the grid have just recently been studied /3/, /41/, 
/84/ and there are still many questions to answer. 
Another important difference from conventional power plants is the energy resource for 
production. Unlike power production from nuclear power plants or coal power plants, 
where the possible power production is dependent on the mass of raw material and the 
consumed power, wind turbines are dependent on wind forecasting to guarantee a 
predicted power production. This forecasting of power production from wind turbines is not 
a simple task. However it is quite important for system operators, who need to have 
reliable energy sources. They have to ensure the produced power offer is fitting to the 
power demand, in order to keep the power system stable. Varying power demands can 
cause voltage and frequency changes in the system. These changes can be normalised 
with controlling the active and reactive power supply and therewith is another requirement 
the transmission system operators have towards power plants.  
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2.2 Wind turbine producers view 
 
A wind turbine is a state of the art product, which all the time should meet the market 
demands. In addition, the cost per kilowatt should be low. Therefore it is important to know 
the loads in the turbine and the behaviour of the turbine exactly. Only with precise 
knowledge is it possible to avoid over- or under sizing of the product, which will lead to 
either rather expensive solutions or of not holding the life time expectancies of 20 years for 
the turbine. It takes typically three to five years to develop a new wind turbine type fitting to 
the new demands from design to sale. As an example, the Vestas products over the past 
years are shown in Figure 6.  
 
100
90
80
70
60
50
40
30
20
10
Capacity 55 kW 75 kW 90 kW 100 kW 200 kW 225 kW 500 kW 600 kW 660 kW 850 kW 1750 kW 2000 kW
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Control Stall Stall Stall Stall Stall Pitch Pitch/OptiSlip Pitch/OptiSpeed Pitch/OptiSpeed Pitch/OptiSpeed
Tow er 22 m 22 m 22 m 31 m 31 m 39 m 50 m 50 m 55 m 49- 65 m 60-78 m
MWh/year 217 265 301 346 662 860 1671 1904 2372 2998 5303 7041
Hub height, m
3000 kW
2002
90 m
Pitch/OptiSpeed
80 m60-100 m
Pitch/OptiSlipPitch/OptiSlip
 
Figure 6 Vestas Type Development during the last 23 years 
 
While the development demands in recent years have been driven by mainly extracting 
most power out of the wind, the recent developments moved the focus to grid compliancy. 
Unfortunately the recent requirements to wind turbines or wind farms acting like 
conventional power plants are not necessarily easy to combine with the ideas and 
challenges that wind turbines have been designed in line with in years. A balance between 
the wind turbines handling the fluctuating wind energy resource and on the other hand 
being a reliable energy source supporting the electrical network has to be found. In this 
process the general requirements to produce a cheap product with low maintenance costs 
and high reliability have to be met. 
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2.3 Connection Requirements 
 
However, the lack of experience enforces the use of existing grid codes of common 
generating units or power plants, which can be quite challenging for wind turbines. Special 
connection conditions for wind turbines have to be discussed. A few countries are already 
working on grid codes specifically for wind turbines or wind farms, or a modification of the 
existing code, which also meets wind turbine characteristics /23/. Figure 7 is visualises the 
grid code development compared to the turbines development and approximate turbine 
development time. The Horns Reef project is illustrated as an example. 
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Figure 7 Wind Turbine development time and grid code demands 
 
Unfortunately not all countries where wind turbines are installed have specific or modified 
grid codes. This makes the development of future wind turbines very difficult. There is a 
big risk involved in developing new techniques to fulfil unspecified demands.  
Most wind turbine producers today deliver wind turbines to an international market and are 
faced with various numbers of grid requirements. Looking at a few of the existing grid 
codes it appears that they are very different in the most important characteristics. To 
visualise the state of the art technique, the different grid codes will be compared to the 
standard Vestas V80 2MW OptiSpeed turbine. The same turbine type is chosen for the 
modelling example in this Thesis. 
 
 
2.3.1 Voltage criteria 
 
The voltage in power systems can vary due to e.g. load changes or fault occurrence. To 
avoid loss of power generation in especially critical situations a voltage operation range is 
defined. The voltage tolerances can be seen from two aspects. Firstly, how much voltage 
variation should the wind turbine system be able to withstand, without tripping out and 
secondly, when and how should the disconnection from the grid occur. Figure 8 present 
the limits in terms of connection of the wind turbine to the grid for different countries and 
the performance of the Vestas V80 turbine. 
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Figure 8 Voltage tolerance requirements in different countries and Vestas V80 capability 
 
As shown in Figure 8 the demands between the countries are very different. In Australia 
the grid connected unit has to sustain 0% voltage for 175 ms, while in Denmark it is only 
25% voltage for 100 ms without disconnecting from the grid. The Vestas standard V80 2 
MW can satisfy these requirements using additional options, which expand the usual 
voltage tolerance of the wind turbine. In practice there is a major difference to develop a 
solution for no rest voltage or some rest voltage during a voltage dip. The worst case is 
zero voltage, what is equivalent to a terminal short circuit. The induction generator will 
loose all magnetisation and is not able to operate further on. A possible way of handling 
such a case is described in /12/. The DFIG is not able to support the voltage and build up 
the grid again as a synchronous machine would be able to do. Another case is a major 
voltage dip e.g. 15% voltage demanded in Germany or 25% voltage in Denmark. During a 
voltage drop the currents in the wind turbine increases. To avoid a disconnection of the 
turbine due to high currents, solutions for limiting these currents have to be developed. 
However, handling a voltage to a certain rest voltage is less complicated than the handling 
of no voltage. Several solutions for fault ride through are already presented /25/, /61/. 
Though there are good solutions for the grid, all the methods introduce high mechanical 
stress in the wind turbine. 
 
2.3.2 Frequency requirement 
 
Historically power plants use big synchronous generators. Direct grid connected 
synchronous machines have stability problems due to load changes and frequency 
changes. In the case of a machine overload, the synchronous machines will drop in speed, 
which means either they decrease the grid frequency as well or become unstable and drop 
out. The frequency change in a grid can be caused by loss of transmission, sudden 
demand changes or some problems of bigger power plants (loss of generation), which 
would normally stabilise the grid frequency. A change in grid frequency will affect all other 
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machines connected to it. Therefore an important issue is to operate in a wide range of 
frequencies (see Figure 9). Wind turbines with induction generators have no problem with 
asynchronous operation. The frequency operation range is more an issue of control 
strategy. A high frequency operation range for wind turbines and frequency control is 
therefore only interesting, if the power system operator uses the wind farm for stabilising 
the grid frequency. Although wind turbines are able to tolerate major frequency changes 
they have difficulties to support the frequency control operation in a wide range, hence the 
inertia in the system is very small. It is possible to initiate a sudden supply or reduction of 
power, which will actively help to stabilise the grid again. However, it has to be mentioned, 
that a supply of power into the grid is only possible, if the wind turbine is using an 
advanced operation at reduced power and thereby has enough power reserve or using 
another new control strategy. An example is given in the operation of the “Horns Reef” 
wind farm /14/ 
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Figure 9 Frequency requirements in different countries compared to the performance of a 
Vestas V80 2 MW wind turbine 
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2.3.3 Active – and Reactive power requirement 
 
The reactive power supply and absorption is important to control the voltage of the power 
system. No absorption or supply of reactive power from the wind turbine to the grid would 
mean only negligible influence of the wind turbine on the system voltage. However, a 
control to a power factor of one (only active power) is naturally compensates smaller 
reactive power changes in the system and therewith supports the grid. In this way wind 
turbines with DFIG have a positive effect on the grid. Usually the power factor capabilities 
are described in one point, as the static reactive power exchange with the grid during 
100% power production from the turbine. Therefore the focus is on reactive power 
exchange with the power system, without loss of power production. But does this 
requirement make any sense for wind turbines? No, this one operation point consideration 
does validate the wind turbine without seeing the possibilities a wind turbine offers in its 
other operation points. 
The connection demands, which are also the base for draft versions of wind turbine 
connection requirements, are primarily made for integration of “generating units” into the 
grid. These “generating units” usually produce full power after connection on to the grid 
and are slow in decreasing or increasing the power. The power production of a wind farm 
can vary between 0 and 100%, depending on the wind reserve and type. Because of the 
nature of wind power production from fluctuating wind, wind turbines have a fast power 
control. Wind farms are therefore capable in a short time to adjust power production. 
On the other hand this gives the possibility to use the wind turbines reactive power 
capability for compensation or support of the grid in a situation, where no active power is 
needed. Figure 10 shows the possibility of the V80 2 MW to supply reactive power shown, 
and in Table 2-1 the specific numbers are collected. Hence Vestas V80 is changing to star 
connection at small power ranges the reactive power capability is small as well. But it is 
possible to stay in delta connection with a loss of some efficiency. Even though the wind 
turbine in smaller power is capable of an excellent power factor control it will cost extra 
money to expand the reactive power capability at rated power.  
 
Figure 10 Requirements regarding reactive power in different countries and the technical 
capability of a Vestas V80 2 MW turbine (per unit of rated active power) 
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Table 2-1 Specific values for active- and reactive power requirements 
Country P-Q demand 
Scotland 0.95 lead to 0.85 lag 
Denmark 1 ± 10%P 
Ireland 0.93 lead to 0.85 lag (100% power) 
0.7 lead to 0.4 lag (35% power) 
Germany (E.ON) 0.95 lead 0.95 lag (<100MW) 
0.925 unit generating reactive power (>=100 MW 
dependant on voltage range) 
E.ON additional WT - rules 0.975 lead to 0,975 lag (P generating) 
1 lead to 0.95 lag (P consumption) 
Q step: <= 0.5% , >= 25 kVar 
Australia (NECA) 0.93 lead to 0.9 lag synchronous generator                    
unity to 0.95 lagging asynchronous generator 
Vestas (V80 2MW) unity to 0.98 cap (high voltage side transformer) 
 
+ at low voltage side transformer 
0.98 cap 0.96 ind. (100% power) 
limited constant reactive power (0 - 100% active power) 
0.2 cap. 0.2 ind. (power -> 0) 
 
+ control 
power factor adjustments due to voltage, power control, 
power factor control, customer demands 
 
 
2.3.4 Discussing the requirements 
 
The specifications given in the above chapter to voltage, frequency and active-reactive 
power requirements show clearly the discrepancy and the variety in the grid codes. It also 
has to be mentioned that all requirements are in a rapid development, and these are 
changing at this moment. One of the tendencies is to follow the E.ON in Germany /23/ 
established requirements for grid connection of wind turbines. However, every grid is 
different and it might not be a good idea just copying the requirements. Although it is a 
good example for the German grid, a more practical solution could be a separation into 
two groups – wind turbines connected to strong grids, wind turbines connected to weak 
grids and the introduction of special requirements depend on the case. Grid codes should 
not have the purpose to avoid the connection of wind turbines to the grid. They should be 
open enough for discussion project specific issues. 
 
The following points should be treated. 
 
• Turbine should start automatically with a pre-defined time delay and power ramp 
• Turbine should stop automatically with a pre-defined disconnection procedure (high 
wind or fault) and power ramp 
• The continuous frequency range should be defined. 
• A distinction between synchronous and asynchronous generator should be made. 
• A dynamical description during rated operation and fault situations regarding 
voltage, active power and reactive power should be made. 
• Considering the possible power production dependent on the wind input 
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The problem however stays. Wind turbine producers have a numbered product range, 
which should be able to fulfil as many grid requirements as possible. With the lack of 
conformability wind turbines will be designed for the codes for the biggest market and the 
outer limits. This consequently limits the price reduction of wind turbine technology. 
Therefore a continuous positive discussion between all grid operators, customers and wind 
turbine producers is required to find acceptable demands and solutions in the future. 
One step forward is to gain knowledge of the behaviour of wind turbines with induction 
machines during situations such as voltage dips. In a test bench it is hard to produce the 
necessary operation modes. Therefore the development of wind turbine models as 
presented in this thesis is a necessary step on the way to define grid codes and design 
wind turbines. 
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Chapter 3 
 
3. Induction Machine Models 
 
As mentioned in the chapters above, one main interest of wind turbine manufacturers is 
the precise knowledge about the influence of certain grid conditions to the wind turbine 
itself. Detailed knowledge about e.g. the torque on the wind turbine shaft caused by faults 
in the grid or transient current rises is important for the estimation of the load on the wind 
turbines. Accurate knowledge of these effects ensures low costs and the availability for the 
estimated life time of the wind turbine. Therewith the generator as connection point 
between the electrical grid and the mechanical wind turbine plays a central role. Though 
for understanding and calculation of the dynamic behaviour in a wind turbine, the realistic 
representation of the generator is important.  
However wind turbine producers face several problems which are limiting the information 
gained from a machine model. Because most wind turbine manufacturers don’t produce 
their own generators, there is only a minimum access to data. Representing a range of 
generators in a model, facing the additional variation in each generators dimension and 
material, detailed FEM studies of the generator are not sufficient. 
Therefore the purpose of the presented work is to find an analytical generator model for 
the simulation of fault conditions on variable speed Wind Turbines e.g. asymmetrical 
voltage supply or 1- ,2- , 3-phase short circuit using the program Matlab/ Simulink®. 
 
 
3.1 General equations in ABC/abc Reference Frame 
 
In order to make a mathematical description of the double fed induction machine it will be 
assumed that a uniform air gap machine can be modelled initially as two concentric 
cylinders with an air gap of constant radial length /68/. The stator and rotor have wounded 
three phase windings. Furthermore iron losses, and changing of parameters with 
temperature, are not considered. 
A balanced three-phase machine is expressed in Figure 11. The conceptual windings are 
placed along the magnetic axes of the windings. The subscript ‘s’ indicates the stator 
windings with effective number of turns Nsξs and ‘r’ the rotor windings with effective 
number of turns Nrξr. The couplings between the phases are depending from the electrical 
angle between the phases θ . If the three windings subscripted with ‘a, b, c’ are displaced 
by ±120° the angle θ  is only dependent from the rotor displacement angle ρ . 
The basic equations for developing a three phase model can be found in various books 
about electrical machines and drives /50/, /52/. The variables of the machine are defined in 
vectors, where each element is represented per phase: 
The equation for stator and rotor voltages can be written as: 
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Where the voltagesu , the currents i  and Flux Ψ are vectors exemplified for stator values 
defined by (3). A similar definition can be written for rotor values. 
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Figure 11 Magnetic axes, concentric stator and rotor windings, currents and 
voltages and angle dependencies of a three phase induction machine /67/ 
 
The flux in stator of the machine can be expressed with the flux created by the stator 
phases itself and the flux part influencing the stator originated from the rotor phases. In the 
same way the rotor flux can be separated into the flux belonging to the rotor and a part 
penetrating the rotor windings originating from the stator phases. 
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The flux can be expressed as a product of an inductance matrix and the current vector i

. 
The flux created from the stator windings is expressed in equation (6). 
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In the same way the flux created from the rotor windings can be expressed in equation (7). 
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The coupling between the rotor and stator is depending from the rotor displacement angle. 
The flux penetrating the stator initiated in the rotor is shown in equation (8) and the stator 
flux penetrating the rotor is shown in equation (9) 
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The winding turns in stator and rotor are in most cases different. For expression of the 
stator and rotor system in an equivalent coupled system the ratio ue is introduced in (10). 
This ratio is already implied in the flux equations. 
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When using the ratio ue the flux equations are simplified to: 
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Often the expression in one matrix is used /10/, /29/ expressing the angle dependency in a 
function: 
 
ρcos1 =f  (19)   
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The inductance matrix is expressing the coupling of the flux in the stator and rotor 
windings. It takes a central position in the machine modelling. Depending on the form of 
the inductance matrix, the machine model is more or less detailed. In progress of this 
chapter, consideration of saturation effects will change the constant inductances in this 
matrix to time dependent functions. 
 
 
3.1.1 Complex space Vector representation 
 
A lot of authors /50/, /55/, /67/ introduce the method of complex space vector for a more 
convenient mathematical description of the machine variables. It is widely used in the field 
of machine modelling and machine control. 
The phase currents of the three machine windings displaced by ±120° as already shown in 
Figure 11 can be described as complex vectors. With the help of the complex versor a (23) 
this complex vectors can be expressed by (24). For convenience the real part of the 
  
21 
complex space vector is aligned to phase a of the 3 phase stator system or 3 phase rotor 
system. 
 
pi⋅⋅
=⋅+−=∠= 3
2
2
3
2
11201
j
o eja  (23)   
ccbbaa iaiiaiii ⋅=⋅==
2
,,  (24)   
 
Where ai , bi , ci  are the absolute values of the current time vector. A resulting current 
vector can be achieved through an addition of the three phase current vectors (25). 
 
cbacba iaiaiiiii ⋅+⋅+=++=
2
 (25)   
 
Some authors /3/, /56/ interpret this equation as a definition for the complex space vector. 
In interpretation as complex space vector the time vectors itself can be complex vectors. 
Instead of the definition (25) a more common definition is achieved through multiplying 
(25) by the factor 2/3 (26). 
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Figure 12 Space vector constructed from a three 
phase system 
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Figure 13 Phase currents in a time 
based system 
 
The advantages of using definition (26) are that the projections from the space vector si  to 
the magnetic axes achieve the absolute time values of the existing axes-currents (27). The 
vector changes its length and position with the phase currents (Figure 12, Figure 13).  
Furthermore the space vector can be used for voltages and fluxes in the same way as for 
the currents (28), (29). The calculated power using the vectors defined as in (26), (28) is 
invariant. The calculation of power and torque (see equations (32), (33), (34) ) gives the 
same expressions like the general equations of symmetrical three phase systems /55/. 
Therefore this definition is often called the real or correct power definition. 
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{ } { } { }scssbssas iaiiaiii ⋅=⋅== Re,Re,Re 2  (27) 
( )csbsass uauauu ⋅+⋅+⋅= 232  (28) 
( )csbsass aa Ψ⋅+Ψ⋅+Ψ⋅=Ψ 232  (29) 
 
The power calculated using the method of complex space vector is shown in equation (30) 
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9 23
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j i u u i u u i u u
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+ ⋅ ⋅ ⋅ − + ⋅ − + ⋅ −



 (30) 
 
Assuming the phase currents can be added to zero, as shown in equation (31). The active 
stator power in equation (32) and reactive stator power equation (33) can be achieved as 
real and imaginary part of the total power shown in equation (30). The assumption of 
equation (31) means there is no zero component existing, or the zero component is not 
considered in the calculation. It can be easily considered separately on a later (see 
chapter 3.2 ). 
 
0=++ cba iii  (31) 
 
{ }3 Re2 s ss as as bs bs cs csP u i u i u i u i∗= ⋅ ⋅ = ⋅ + ⋅ + ⋅  (32) 
{ } ( )*3 1Im ( ) ( ) ( )2 3s ss as cs bs bs as cs cs bs asQ u i i u u i u u i u u= ⋅ ⋅ = ⋅ ⋅ − + ⋅ − + ⋅ −  (33) 
 
and the torque in an analogous manner (damping due to friction and windage is not 
included): 
 
{ }
( ) ( ) ( )( )asbscscsasbsbscsasp
s
s
s
spe
iii
p
ipT
Ψ−Ψ+Ψ−Ψ+Ψ−Ψ⋅=
⋅Ψ⋅⋅=
∗
3
Im
2
3
 (34) 
 
 
3.1.2 Using space vector for the general machine equations 
 
Using the above introduced complex space vector, the general machine equation can be 
expressed more conveniently compared to the vector presentation for the per phase 
presentation. The voltage equations (35), (36) using the complex space vector 
representation for the stator and rotor can be expressed through the stator flux ssΨ  and 
rotor flux r
r
Ψ  transient and winding losses: 
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dt
diRu
s
ss
ss
s
s
Ψ
+⋅=  (35) 
dt
diRu
r
rr
rr
r
r
Ψ
+⋅=  (36) 
 
The flux is defined with the following equations /67/ 
 
( ) ( )
s
s s s s rΨ = Ψ + Ψ  (37) 
( ) ( )
r
r r r r sΨ = Ψ + Ψ  (38) 
 
Where the flux components are expressed as: 
 
smssss iLL ⋅⋅+=Ψ )2
3()( σ  (39) 
rmrrrr iLL ⋅⋅+=Ψ )2
3()( σ  (40) 
ρj
smsrsr eiL
−
⋅⋅⋅=Ψ
2
3
)(  (41) 
ρj
rmsrrs eiL ⋅⋅⋅=Ψ 2
3
)(  (42) 
 
If the mutual inductances and couple inductances are equal as assumed in a one phase 
equivalent diagram, then the magnetizing inductance can be written as: 
 
msrmrmsm LLLL ⋅=⋅=⋅= 2
3
2
3
2
3
'
 (43) 
 
The flux equations become: 
 
ρ
σ
j
rmsmss eiLiLL ⋅⋅+⋅+=Ψ
')(  (44) 
ρ
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smrmrr eiLiLL
−
⋅⋅+⋅+=Ψ ''' )(  (45) 
 
The rotor voltage equation related to the stator become:  
 
dt
diRu
r
rr
rr
r
r
'
''' Ψ+⋅=  (46) 
 
The vectors expressing the rotor current, voltage and flux are still related to their own 
reference frame, marked by the upper index ‘r’, while the stator vectors are related to the 
stator reference frame, marked by the upper index ‘s’. This difference of the two coordinate 
systems is expressed with the rotor angle ρ  (Figure 11). With using vector transformation 
(Chapter 11 Appendix) and this angle, the rotor voltage equation can be written as: 
 
'
'
'
'
' s
r
s
rs
rr
s
r jdt
diRu Ψ⋅⋅−Ψ+⋅= ρ  (47) 
 
Finally all general equations for modelling an induction machine using the representation 
of complex space vectors are: 
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dJTT ωω +=−  (/98/ page 56) (53) 
( )rmeppre DTTJ
p
dt
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d
ω
ωωρ −−⋅=⋅==  (54) 
 
The achieved equations and parameters can be visualized in the dynamical one phase 
equivalent diagram seen in Figure 14. 
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Figure 14 Dynamical per phase equivalent diagram for induction machine 
 
3.2 The Clark Transformation  
(α , β , 0 equivalent frame) 
 
The complex space vector representation is the base for several different description of an 
electrical machine. One of the possible interpretations of the with the complex space 
vector deduced machine equations are the so called α , β  - components1. The α , β  - 
components, also known as Clark Transformation are deduced by separating the complex 
space vectors of the machine into their real and imaginary part and referring them to a 
stationary reference system. The so achieved components can be physically imagined as 
two fields in normative direction to each other, meaning the three-phase machine has 
been deduced to an equivalent two-phase machine see Figure 15. 
 
                                                          
1
 Equivalent to the used x, y – components in some literature 
  
25 

β⋅j
i
iα
iβ
 
Figure 15 Equivalent two-phase machine showing Clark-Transformation 
 
The real component is calculated as shown in equation (55) and the imaginary part 
equation (56). 
 
{ } ( )22 2Re Re 3 3 2b ca b c a i ii i i a i a i iα +   = = + + = −	 
       (55) 
{ } ( ) ( )22 1Im Im 3 3a b c b ci i i a i a i i iβ  = = + + = −	 
   (56) 
 
The complex space vector can be written as: 
 
i i j iα β= + ⋅  (57) 
 
If the addition of the three phases does not equate to zero an additional component the so 
called zero component has to be used as well. 
 
0 3
a b ci i ii + +=  (58) 
 
Very positive is the fact, that in case of no existing zero component the real part is identical 
to the phase a of the 3-phase system. 
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0
2 2Re
3 2 3 2
b c a c c
a a a
a cbi i i
i i i i ii i i i iα
+ + =
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= = − = − =   
   
 (59) 
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In the following matrices the complete transformation (including zero component) is 
shown. 
 
0
2 1 1
1 0 3 3
3
1 1 1
a
b
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i i
i i
i i
α
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− −    
    
= ⋅ − ⋅    
    
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 (60) 
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i i
i i
i i
α
β
    
    
= ⋅ − ⋅    
    
− −    
 (61) 
 
Where equation (60) is used for the transformation of the three-phase system into the α , 
β  - components the equation (61) is used for the back transformation. The equivalent 
diagrams for the machine representation can be seen in Figure 16 and Figure 17. 
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Figure 16 Equivalent circuit diagram for α and β  - components 
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Figure 17 Equivalent circuit diagram for the zero component 
 
The equations for description of the machine are concluded in equation (62) to (72). The 
zero components are assumed to be only linked via the leakage field.  
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The power is calculated as shown in equation (73) and equation (75). 
 
{ } ( ) ( ){ } ( )ββααβαβα sssssssssss iuiuijijuuiuP +=−⋅+⋅=⋅⋅= 23Re23Re23 *  (73) 
 
0 0 03P u i= ⋅ ⋅  (74) 
 
{ } ( ) ( ){ } ( )βααββαβα sssssssssss iuiuijijuuiuQ −=−⋅+⋅=⋅⋅= 23Im23Im23 *  (75) 
 
 
3.3 The Park Transformation (d, q, 0 equivalent frame) 
 
In the same way as in the α , β  - components, shown in the chapter 3.2, the d, q – 
components are a separation of the complex space vector in real and imaginary part. 
 
( )223 jd q a b ci i j i i ai a i e γ−= + ⋅ = + + ⋅ 2 (76) 
 
In opposite to referring the space vector to a stationary reference frame as done in the 
Clark’s components, in the so called Park’s transformation the complex space vector is 
expressed in the rotating orthogonal system linked with the rotor of the machine. The 
method is however used to express the complex space vector in any rotating reference 
frame. The advantage by doing so rotating space vectors change to appear stationary in a 
rotating reference frame, which means alternating traces of the space vector are steady 
and the changes in absolute value of the vector is depicted clearly. This is beneficially 
                                                          
2
 Be aware - Definition is varying in the literature 
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used for fast control of electrical machines. 
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Figure 18 Park’s - transformation 
 
In Figure 18 the Parks transformation in relation to the α , β  - components are shown. 
The transformation between these components and an arbitrary rotating frame is: 
 
( ) jd qi j i i j i e ϕα β − ⋅+ ⋅ = + ⋅ ⋅  (77) 
 
and for return to the α , β  - components 
 
( ) jd qi j i i j i e ϕα β ⋅+ ⋅ = + ⋅ ⋅  (78) 
 
The zero – component is equal for both transformations, hence it formed during 
expressing the 3-phase machine into a two-phase equivalent machine. 
 
0 0dqi i αβ=  (79) 
 
Expressing the transformation in Matrices, the following Matrices for forward and back 
transformation can be written. 
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Transformation from a 3-phase system direct to an arbitrary rotating system can be done 
in the following way: 
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The equivalent diagram for a machine in Park’s transformation is shown in Figure 19. The 
equivalent for the zero components is equal as shown in Figure 17 in chapter 3.2. Since all 
machine equations are very similar to the description of the machine in Clark components 
it is not necessary to show them again. Just the torque and power equations are shown in 
equation (84), (85) and (86). 
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0
3 3Im
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s se p p qs ds qs dsT p i p i i
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{ } ( )*3 3Re2 2s ss d d q qP u i u i u i= ⋅ ⋅ = +  (85) 
{ } ( )*3 3Im2 2s ss q d d qQ u i u i u i= ⋅ ⋅ = −  (86) 
 
The equivalent diagram for the d,q – components is shown in Figure 19. The equivalent 
diagram for the zero component is identical to the diagram shown in Figure 17. 
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Figure 19 Equivalent circuit diagram for d, q - components 
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3.4 Saturation effects 
 
In the ideal machine it is assumed, that the leakage reactance and magnetizing reactance 
are independent of the current and the voltage. In a real machine the magnetic voltage 
through the iron is not directly proportional to the current and therefore this assumption is 
not valid. For taking a closer look at the phenomena, the influence of saturation of the 
leakage reactances and the magnetizing reactance should be taken into account. /81/ 
 
 
3.4.1 Saturation of main reactance 
 
The main reactance or magnetizing reactance mX  is mainly defined through the stator 
induced electromotive force (EMF/ EMK). The reactance would not be changing, if the 
characteristic of ( )µIEs  would be a straight line. In reality the curve is bending in the upper 
part as shown in Figure 20. 
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Figure 20 Example of a measured no load (magnetizing) curve – dashed line and the theoretical not 
saturating curve – solid line of an induction machine 
 
When increasing the induced voltage (Es) the magnetizing reactance slightly decreases. 
The consequence is a faster decrease of the magnetizing current as the decrease of the 
induced rotor EMF. The effect of main reactance saturation on the stator currents is most 
noticeable during no load operation. In Figure 21 this influence of magnetizing reactance is 
visualized. 
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Figure 21 Current circle diagram showing the effect of main inductance saturation; rated-solid line, halve Xm 
(saturated)– dashed line, Ik-short circuit current at slip=1 and I - current at infinite slip 
 
To find the dependency it is therefore best to measure the no load curve. There are two 
possibilities of measuring the curve. If a slip-ring machine is used it is possible to measure 
directly the rotor current and stator currents. This simplifies the machines complexity, the 
machine is at stand still and the rotor windings are open and voltage and currents on both 
terminals can be measured (direct measurement of magnetizing curve). However more 
common is the measurement at nearly synchronous speed (used for squirrel cage motors), 
the so called no load curve.  
In no load operation at synchronous speed or at standstill the rotor current can be 
assumed to zero. Therefore it can be assumed that the current of the stator windings and 
the magnetizing current are equal. The voltage drop is now only over the stator resistance, 
stator leakage reactance, iron loss resistance and the magnetizing reactance. The 
magnetizing inductance dependent at the current can be achieved with the following 
equations. It is assumed that the resistances and the stator leakage inductance are not 
changing with the current. The so deduced function of the main inductance from the 
magnetizing current is a common way to include saturation effects into a machine model 
(87). 
 
( ) ( ) 2 200 02 ( )3m m s m s
UX I L I R R L
Iµ µ σµ
ω ω= ⋅ = − + − ⋅
⋅
 (87) 
 
In Figure 22 the main inductance dependency from the magnetizing current, which was 
achieved through the no load curve measurements and then calculated with equation (87) 
is shown. Very often rated inductance is assumed at low currents. In reality there is not 
enough flux in the machine because of the low voltage and the inductance is decreasing 
again towards low currents. 
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Figure 22 Main inductance dependency of the magnetizing current ( )µILm  
 
3.4.2 Saturation of leakage reactance 
 
For the research in fault situations like short circuit the operation with high currents is far 
more important than no load operation. Therefore a larger importance is the consideration 
of the dependency of leakage reactances sXσ  and ' rXσ  on the current. With increasing 
current the leakage reactances will decrease as well as the magnetizing reactance. In 
Figure 21 and Figure 23 the current circle diagram is calculated for a machine with half of 
the rated magnetizing reactance or leakage reactances and compared to a machine with 
rated values. While in rated operation range, which is around 1 p.u., the influence of the 
magnetizing inductance is dominating, the changes during fault operations with high 
currents are clearly dominated by the leakage reactances. The current considering a 
change of leakage reactances is essentially larger than without this consideration. 
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Figure 23 Current circle diagram showing the effect of leakage reactance saturation; rated value-solid line, 
halve sX σ  and 
'
rX σ  (saturated) – dashed line 
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The leakage reactances can be achieved from the blocked rotor test. In this test with short 
circuit rotor coils the magnetizing current is very small and can be neglected. With 
measurement of the voltage and current and the power factor cos ϕ  the total leakage 
reactance can be calculated as: 
 
I
U
X k
ϕ
σ
sin⋅
=  (88) 
 
To separate the leakage reactance σX  into the stator leakage reactance sX σ  and the 
rotor leakage reactance ' rX σ  the no load measurement can be used again. In the no load 
measurement the reactances sm XX σ+  are measured and therewith the part of the rotor 
leakage reactance can be estimated. Another factor helping the more exact separation 
between the stator and rotor leakage reactances is the measurement of the leakage factor 
σ . 
 
'
2
1
rs
m
XX
X
⋅
−=σ  (89) 
where smss XXX σ+=  and '' rmrr XXX σ+=   
 
However, the methods are detailed discussed in book /81/ and other machine books and 
therefore will not further deepened in this thesis. 
 
 
3.5 Windage losses and Friction losses 
 
Windage and frictional losses of a machine can be divided into two parts, which have a 
different proportion to the rotational speed ω  
• Ventilation losses are proportional to 3ω . This includes all ventilation losses (end 
winding ventilation loss, rotor cooling ducts ventilation loss etc.) 
• Frictional losses are proportional to less than 3ω  ( 7 / 3P ω ). These losses include 
frictional losses in bearings. The correct proportional ratio is quite hard to estimate, 
since it may fluctuate. e.g. temperature of the grease has some influence into 
frictional losses. This means that in different service conditions the proportional ratio 
may be different. 
 
When combining the above components total windage and frictional losses are achieved. 
Total losses can be approximated to a proportion between 2.5ω  ... 2.7ω . Unfortunately it is 
very hard to include such non integer potential dependency into the model. Since the 
difference between the different potential dependencies is very small in the operating area 
it is chosen to use a dependency in the second order. A second order dependency due to 
power losses leads to a simple dependency of the torque, which can be found in various 
books. 
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The damping factor can be from the no load losses: 
 
0
2
0
fwPD
ω
=  (90) 
 
The windage and friction losses depending on the speed will be calculated using the 
constant damping factor achieved above. 
 
( ) 2fwP Dω ω= ⋅  (91) 
 
Though the damping factor is only an equivalent there are a range of possible methods 
considering the leakage and windage losses. In Figure 24 and Figure 25 the influence of 
the different exponential dependencies is shown. The damping factor D  is determined by 
measuring the rotational losses at synchronous speed and dividing it by the exponents 
chosen. 
 
0
2...2,5...2,7...3
fwPD
ω
=  (92) 
 
The windage and friction losses in the model would accordingly be calculated in the 
following way. 
 
( ) 2...2,5...2,7...3fwP Dω ω= ⋅  (93) 
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Figure 24 Different exponential 
dependencies of D between 0…1500 rpm 
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Figure 25 Different exponential 
dependencies of D at over speed 
 
In the operation range from approx. 500 rpm up to 1700 rpm the difference in the 
calculation of the potential dependencies is very small. If used for the purpose of modelling 
at over speed situations, a change from the chosen dependency of second order might be 
reconsidered, and instead the use of a model with a dependency of third order is more 
appropriate.  
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3.6 The Three Phase – Model in Matlab/ Simulink 
 
The machine model is based on the equations (1), (2), (22), (34), (54) and implemented in 
Matlab/ Simulink as shown in Figure 25.  
 
 
Figure 26 The unmasked Machine model in Matlab/ Simulink 
 
The inputs of the machine model are the three phase voltages of stator and rotor and the 
mechanical load torque mT  of the generator axis/shaft. Outputs are the three phase stator 
and rotor currents, the speed of the machine expressed as electrical angular speed of the 
rotor or mechanical speed and the electric magnetic air gap torque eT  of the machine. The 
power of the machine is calculated from the voltages and currents of stator and rotor as 
described in the chapter above. The model is independent of the usage as generator or 
motor. The mechanical load torque is defined negative for generator operation. The power 
is negative for power production and positive for power consumption. For rotor power 
calculation as already for the stator deduced equations (32), (33) are equivalently used. 
 
crcsbrbrararr iuiuiuP ⋅+⋅+⋅=  (94) 
( ))()()(
3
1
arbrcrcrarbrbrcrarr uuiuuiuuiQ −⋅+−⋅+−⋅⋅=  (95) 
 
The block called “angle – friction” expresses the equations of motion. With this equation 
the generator speed and the necessary rotor displacement angle ρ  is achieved. 
Furthermore the friction losses are implemented with using the damping factor D as shown 
in Figure 27. 
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Figure 27 Block angle - friction 
 
The machine block called “flux – current” is expressing the flux equations to calculate the 
currents with help of the inductance matrix. The saturation effect is taken into account as 
variable inductances in the inductance matrix.  
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(96) 
 
In chapter 3.4 the influence of the saturation on the machine is described. For the variable 
main inductance the magnetizing current is determined in the following way. 
 
'
rs iii

+=µ  (97) 
 
Using (97) in the stator flux equation (98): 
 
')( srmssmsss iLiLL

⋅+⋅+=Ψ σ  (98) 
( ) ( )s s ss s m s m sL L i L i iσ µΨ = + ⋅ + ⋅ −     (99) 
 
the magnetizing current can be calculated with the stator flux and stator current to: 
 
m
s
ss
s
s
L
iLi


⋅−Ψ
=
σ
µ  (100) 
 
Because the magnetizing curve is based on rms values, the rms value of the magnetizing 
current is calculated as well. This magnetizing current is used with magnetizing curve to 
achieve the )( µILm . To secure a stable functioning of the model the current and therewith 
the main inductance are limited to the known values. Figure 28 show the implementation in 
Matlab/ Simulink. 
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Figure 28 Block flux – current used in the machine model (Figure 26) 
 
 
3.6.1 Steady state validation of the different detailed ABC/abc 
models 
 
In this chapter a comparison between the machine models including different features are 
made. At first three different models during rated conditions are chosen. One model shows 
the ideal machine, without friction losses or saturation effects of the reactances; the 
second model is a model considering friction losses and the third model is a model 
including friction losses and saturation of main magnetizing reactance. 
The input parameters for the three-phase model are deduced from the one phase 
equivalent supplied by the machine manufacturer, which are exemplary data of a 1.8 MW 
machine (Figure 14). 
During the simulation the rotor of the induction machine is short circuit, which is modelled 
with setting the input rotor voltages to zero. The input stator voltages are rated. Therewith 
a start of the machine, three load changes and a three phase short circuit are simulated. 
The three different operation points during the load changes are then compared by the 
manufacturer supplied measured operation points of the machine. The machine starts up 
in motor mode and then settles into generator mode producing electrical power according 
to the load torque on the axis of the machine. 
In Figure 29 and Figure 30 the torque and the active power over the whole simulation 
period from the model with saturation are shown.  
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Figure 29 Simulated generator electromagnetic reaction torque and input shaft torque in 
operation machine start; stepping from rated load torque decreasing to no load torque to 3-
phase short circuit in [p.u.] 
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Figure 30 Simulated active stator power [p.u.] corresponding to the input torque 
 
In Figure 31 and Figure 32 the stator current for all three models are shown in comparison 
to the measured rms value taken from manufacturer supplied data. The peaks of the time 
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values should theoretically touch the line of the stator peak value ( 2⋅rms ).  
Figure 31 compares the ideal model and the model with implemented damping. The model 
with damping (friction and windage losses) shows a smaller stator current output with the 
same load, which is easy to explain. Since the friction losses are depending on the speed 
and the speed is increasing with the load, this consequently means higher losses and 
therewith a smaller stator current. At no load operation the friction losses are smaller than 
at rated load and therewith hard to notice in the simulation. 
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Figure 31 Stator current related to rated stator current; solid line – ideal model, dashed line – 
model with friction 
 
Figure 32 compares the model with saturation and damping to the model without 
saturation though with included damping. During the operation with rated load it is hard to 
see a difference in the simulated stator currents. As it is explained in chapter 3.4, the 
saturation of main inductance has only an insignificant influence in the area of rated 
operation up to the maximal operation point. With including leakage saturation a higher 
current would appear. The influence of main flux saturation is clearly seen in half of rated 
load operation and no load. As expected due to the theory leads the consideration of main 
magnetizing saturation to an improvement of the model and the simulated results. 
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Figure 32 Stator current related to rated stator current; solid line – model with saturation, 
dashed line –model with friction and windage losses 
 
 
A further criterion for improvement of the model is shown in the evaluation of the power 
factor or the reactive power. The power is generally more precisely measurable than the 
current. Here the model with included saturation and damping shows again the 
improvement compared to the ideal model. 
Calculation of the power factor also approves this result. 
 
  
41 
2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7
0.5
0.6
0.7
0.8
0.9
1
Reactive Stator power
Qs
/Q
s r
at
ed
]
Time [s]
ideal model
and model with friction losses 
model with saturation 
measured value 
 
Figure 33 Stator reactive power related to rated reactive stator power [p.u.]; model with 
saturation – upper line, on top of each other – model with friction losses and ideal model – 
lower line 
 
The simulations results made with the 1.8 MW machines show only small differences 
between the different machine models. This is due to the fact that the data used as input 
for the model is given to meet the expected operation area requirements. Saturation has in 
this area only minimal influence. Machines with stronger saturation effect will show a more 
significant difference. For using the model for short circuit simulations, the leakage field 
saturation should be included as well. 
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3.6.2 Dynamical validation of the ABC/abc model 
 
The aimed use of the developed model is for simulation of dynamical situations including 
fault situations. The above steady state validations though are not sufficient enough to 
verify the use for this kind of simulations. Therefore a Direct On Line (DOL) start of a 850/ 
800 kW machine is initiated in a laboratory test set-up. The DOL start has been chosen to 
produce high currents and achieve saturation effects in the machine, since real short 
circuits for validation of the machine model are not feasible in the researched machine size 
of 850kW to 3MW. During the test speed, three-phase stator currents, three phase rotor 
currents and three phase stator voltages have been measured. The measured voltage is 
later on used as input for the machine model. 
At first the model considering main magnetizing reactance saturation and friction losses 
will be compared to the measurements. The machine is connected star/ star and the rotor 
windings are short circuited. Due to the impedance in the grid the stator voltage drops with 
connection the machine direct to the grid. The stator voltage keeps the decreased voltage 
amplitude until the machine has started up. With finishing the start up the voltage rise to 
the rated value again (Figure 34). The experienced long starting sequence is rather 
unusual for induction machines. The machine is designed for generator operation and not 
for motor operation and therefore develops very little starting torque. The long starting 
period gives the possibility to use it for validation. There exist an asymmetrical transient 
and a quasi stationary part during the DOL start of the machine. 
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Figure 34 Measured Grid voltages/Stator voltages during the DOL of a 850/800 kW 
generator 
 
In Figure 35 the speed during the DOL start is shown. There are only small differences 
between the simulated speed and the measured speed. In the last phase of the start, 
before reaching the final steady speed the model shows a small overshoot. There are 
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many different possibilities casing this overshoot /95/. 
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Figure 35 Speed during DOL start of a 850/800 kW generator; model with main saturation 
and friction losses – solid line, measurement speed – dashed line 
 
Figure 36 and Figure 37 show a window of the simulated and measured stator currents. 
The measured stator currents are bigger than the simulated values. This is not surprising, 
since different effects are not included in the model e.g. the saturation of leakage 
reactances. The biggest difference though can be seen in the transient situation as in 
Figure 36, during the first seconds after connecting the machine to the grid. The biggest 
difference between the simulated values and the measurements are at the highest peak 
value, which is 38% smaller than the measured value. The smallest difference can be 
seen at the first peak, which is the smallest of all, with 11% difference referred to the 
measured peak value. During the quasi stationary period while running up of the machine, 
the current is quasi stationary as well. The average difference between the peak values of 
the stator currents is now 10% (Figure 37). 
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Figure 36 Zoom into the stator currents at start of the DOL-start (solid- model including 
main saturation and friction losses, dashed - measured) 
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Figure 37 Window of the stator currents in the middle of the DOL-start (solid- model 
including main saturation and friction losses, dashed - measured) 
 
After the start up the machine it is running in no load operation and consumes only the 
power for covering the own losses. Figure 38 shows the current during this no load 
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conditions. The simulated current is insignificantly bigger than the measured, which 
verifies the correct implementation of the main magnetizing reactance saturation. The 
noticeable asymmetric between the phase currents is due to the slightly asymmetrical real 
voltage input. 
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Figure 38 Window of stator currents at no load operation after DOL- start 
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3.6.3 Implementation and validation of leakage reactance saturation 
 
It is highly desirable to minimise the differences between the simulated and experimental 
values in Figure 36 and Figure 38. The exact knowledge of the current peaks enables a 
better design of protection systems or the components withstanding the dynamical load. 
As already implied in the chapter about saturation effects an implementation of leakage 
reactance saturation could improve the model especially during situations with high 
currents e.g. short circuits. 
Unfortunately, there is a lack of data to have a detailed implementation of the nonlinearity 
of the leakage reactances. However the saturated leakage reactance of stator and rotor 
are estimated from the blocked rotor measurements with smaller voltage and available in 
the data sheet supplied by the manufacturer. Also known are the saturated stator currents 
or blocked rotor stator current. Using the two described points of rated and saturated 
operation a linear approximation has been chosen to express change in the leakage 
inductances. 
 
Stator current Leakage inductance 
0 rated 
rated value rated 
Blocked rotor stator 
current 
saturated value at slip=1 
10x rated current value saturated value at slip=1 
Table 3-1 Leakage inductance saturation reference 
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Figure 39 Example for stator (solid line) and rotor (dashed line) leakage inductance 
 
Changing the leakage inductance in the presented manner might seem odd, since 
commonly the changes in inductances are made depending on the slip of the machine 
/86/. Dependency from the slip though has the disadvantage that all 3-phase values are 
changed simultaneously. The dependency on the current gives the possibility of changing 
the phase inductances separately due to the phase instantaneous current. 
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Figure 40 shows the implementation of main and leakage saturation in the machine model 
in Matlab/ Simulink. The rest of the machine model is the same as already described 
above.  
 
 
Figure 40 Modified Matlab/ Simulink block “flux – current” including leakage inductance 
saturation 
 
The same simulation has been performed as already done with the model considering only 
the main magnetizing inductance saturation. There is not a noticeable change in the speed 
characteristic compared to the model including only main saturation. Figure 41 shows the 
model with the implementation of the leakage inductance saturation compared to the 
measurement of the test bench. 
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Figure 41 Speed during DOL start (solid line – model including main and leakage 
inductance saturation, dashed - measurement) 
 
 
In Figure 42 and Figure 43 the stator current windows from the cut in of the machine and 
from the quasi stationary situation are shown. Implementation shows a large improvement 
in the stator current simulation compared to the simulations with the models not 
considering leakage saturation. The difference in the maximum peak values during the 
DOL start have been decreased from 38% to 21%. In the quasi stationary state after the 
start up the average difference between the peak values of the stator current is decreased 
from 10% to 2% (Figure 43). 
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Figure 42 Zoom into stator currents simulation at start of the DOL start (solid- model including main and 
leakage saturation, dashed - measured) 
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Figure 43 Window of Stator currents in the quasi stationary state of the DOL-start (solid- 
model including main and leakage saturation, dashed - measured) 
 
Hence the influence of the saturation of main and leakage inductances could be clearly 
shown, the influence during no load operation is insignificant. Figure 44 shows the currents 
during the no load state after the DOL start. The missing behaviour during no load 
operation is easily explained with the used implementation method. While the main 
inductance is more correctly changing accordingly the available points from the no-load 
curve, the leakage inductances are assumed constant to their rated values and do not 
change dependant from the current between zero and rated current. The Figure 44 gives 
also only information about the functionality of the model even with very small currents. 
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Figure 44 Zoom into stator currents at no load operation after DOL- start; solid line – 
model including main and leakage inductance saturation, dashed line - measured 
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3.6.4 Influence of the machines coupling 
 
In the above chapters the influences of saturation effects and friction losses have been 
discussed. The discussed dependencies are in principle the same independence of the 
use of a three phase model or made with Clark or Park transformation. In the following the 
influences of the machine coupling will be discussed. Unfortunately it is not only secondary 
discussed, though found important during the consideration of choosing the method of 
machine modelling for the purpose of simulating non rated conditions. Therefore some 
presumption done during developing the analytical model will be paid attention. 
The general ABC/abc generator modelling has been described. Gaining the input for this 
model is very challenging under the given circumstances. Though it is worth the effort, 
since a three-phase ABC/abc generator model gives the possibility to look at each phase 
separately as well as the coupling between the phases /104/ Thereby the ABC/abc model 
is not limited by conditions of symmetry of either supply voltages or phase impedances 
/68/. The three-phase analytical model can be easily improved with accessibility of more 
input parameters, without complete model changes. All these advantages are improving 
the simulation result. 
Another possible presentation of the ABC/abc per phase machine model, point out the 
field coupling between stator and rotor and the correlation to the voltage equation is given 
in Figure 45. 
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Figure 45 Three phase equivalent ABC/abc circuit diagram of a doubly fed induction 
machine 
 
The coupling is derived to be expressed as a product of the inductance matrix L  /79/ and 
the current vector i . The inductance matrix of the machine model takes a central position. 
During the computing of the machine model the inverse of the inductance matrix has to be 
calculated. This introduces a rather difficult task and is slowing down the simulation 
process. Including saturation effects improves the realistic presentation of the machine but 
also complicates the model even more, since the inverse of the matrix has to be computed 
every time step. Taking the electrical coupling in the induction matrix into account give a 
possibility to relax the complexity of the model it self and therewith simplify the computing 
of the inverse matrix as proposed by Pillay /79/ and Goldemberg /30/. The inductance 
matrix of the induction machine including saturation of the inductances has been 
previously determined to: 
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(101) 
 
Assuming a star/star (YY) connected machine with no external accessible star point, the 
addition of the rotor currents per phase and stator currents per phase is zero in the star 
point as shown in equation (102).  
 
0A B Ci i i+ + = , 0a b ci i i+ + =  (102) 
 
Taking this into account, the induction matrix takes the following form (13). 
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 (103) 
 
Notice, the stator and rotor mutual inductances Lms , Lmr are of 2/3 Lm the one phase equivalent diagram. 
 
For models represented in Clark or Park transformation the YY coupling of the machine is 
assumed in the most cases and the experiences made with the three phase model are 
exemplary for the models made with a transformation as well.  
In case of a ∆Y connected machine the coupling of the rotor phases can be simplified as 
shown above in the YY example, while leaving the stator phases untouched. The 
inductance matrix for a ∆Y connected machine takes the form shown in (104).  
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Leaving the magnetic coupling of the stator phases in the original allows the stator 
currents to flow in a circle. This gives a more realistic result than the usually used method 
of assuming a magnetically YY connected machine and afterwards calculation of the 
electrical delta coupling of the stator windings, which is shown in the following example. A 
delta coupled generator experiences a 2-phase line to line short circuit at the terminals.  
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Figure 46 Voltage at generator stator terminal during a two-phase short circuit 
 
While there is no difference between the simulated stator current under symmetrical 
conditions before the short circuit, the difference between the models can be seen in the 
asymmetrical condition Figure 47. The current modelled with the star connected machine 
model and a calculated delta coupling shows difference in phase and amplitude to the 
current simulated with the delta connected machine model. 
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Figure 47 Stator currents of the generator dashed line – star modelled machine with 
calculated delta coupling and solid lines – delta modelled machine 
 
They are many different ways of machine modelling, but as the machines are designed for 
their application, the model has to be developed for the expected use and the reality. The 
modelling in this thesis uses a three-phase model because it has the purpose of accurately 
fault simulation in Vestas variable speed wind turbines. Thereby it has been shown, that 
different analytical description of the e.g. connection of the machine phases have an 
increased importance, while looking at asymmetrical conditions. Leakage saturation has 
an important influence, while looking at short circuit contribution to the grid, which plays an 
important role for grid connection of the turbine. Not all influences have been studied in 
this presented work. The influence of iron losses and skin effect as well as the changes 
due to temperature changes are open for future research activities. The ABC/abc machine 
model is beneficial to use, because it does not only simplify the inclusion of connection 
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condition influence and per phase variability of saturation. The three-phase model can be 
easily expanded for other simulation purposes e.g. asymmetry in the machine parameters 
or harmonics. 
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Chapter 4 
 
4. Modelling of Transformers 
 
The Transformer is an important part to connect the wind turbine to the grid. However, it is 
very common to neglect the dynamic behaviour of the transformer and only consider a 
very simple ideal model or the use of equivalent impedances for calculations. In this thesis 
it is very important to consider the dynamic behaviour of the wind turbine transformer. The 
content of this chapter are the development of the 2-windings 3-phase transformer model 
and the 3-winding 3-phase transformer model. In the end the 2-winding 3-phase 
Autotransformer model is derived. 
 
4.1 The 2-windings 3-phase transformer model 
 
The 2-windings 3-phase transformer (2w 3ph transformer) connects a three phase system 
with two different voltage levels. The transformer consists of 2 windings, which are 
connected through a magnetic circuit in the core. The two different voltage levels on the 
transformer are called high- and low-voltage side or commonly also known as primary and 
secondary side, because the high voltage side is usual connected to the 1st winding and 
the low voltage side is connected to the 2nd winding. 
Assuming there is no air gap in the core, no voltage drop in the magnetic circle (infinite 
core permeability), and no hysteresis losses, the resistances of the windings are 
negligible. The result of all assumptions together is a loss-less (ideal) transformer, which is 
only representing a simple relationship between the two voltages and currents. 
 
The voltage equations for the two windings of such an 
ideal transformer is: 
1
1 1
d
u e
dt
Ψ
= − =   
2
2 2
d
u e
dt
Ψ
= − =  
Hence the whole flux is closing inside the core the flux in 
winding 1 and winding 2 are identical and therewith the 
flux linkages can be expressed as: 
1 1wΨ = ⋅Φ    2 2wΨ = ⋅Φ  
 
In this loss-less transformer the summation of the currents 
considering the number of windings is 1 21 2 0w i i w⋅ + ⋅ = . Using the current correlation in 
combination with the voltage equation the relationship between primary and secondary 
voltage can be easily expressed with the winding ratio 12a . 
1 1
2 2
wu
u w
=  
1
12
2
w
a
w
=  
'
1 2 212u a u u= ⋅ =  
 
The secondary voltage transformed with the winding ratio is equivalent to the primary 
voltage. Similarly the currents can be expressed with the winding ratio to: 
1u
ideal transformer
12ratio a
2u
2i1i
1w 2w
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'
1 2 2
12
1i i i
a
= ⋅ =  
 
These with the ideal model achieved simple correlation are the most basic equations for 
transformer consideration. In a realistic transformer a part of the magnetic field will close 
via the air and therefore only a part of the magnetic field is linked to both windings. The 
part of the flux, which is not linked through the core, is called the leakage flux, which only 
links to either primary or secondary winding. The losses in the windings of the transformer 
are expressed with an electrical resistance. 
 
 
1 2
1u 2u
2i1i
1w 2w1 2m mΦ + Φ
1σΦ 2σΦ1R 2R
 
Figure 48 2-windings 2-phase Transformer 
The definition of the flux is very similar as in an electrical machine, divided into main flux in 
the core and the leakage flux. 
 
1 1 1 1 1 1 2m mw w wσΨ = ⋅Φ + ⋅Φ + ⋅Φ  (105)   
2 2 2 2 2 2 1m mw w wσΨ = ⋅Φ + ⋅Φ + ⋅Φ  (106)   
 
As in the electrical machine theory the transformer is often expressed in a one phase 
equivalent. The inductances are achieved as: 
 
1 1 1
11 1 1
1
( )m
m
wL L L
i
σ
σ
Φ + Φ
= + =   1 11
1
m
m
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i
Φ
=  (107)   
2 2 2
22 2 2
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wL L L
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σ
σ
Φ + Φ
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=  (108)   
1 2
12
2
mwL
i
Φ
=      
2
12 1
1
m
wL L
w
=  (109)   
2 1
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=  (110)   
21 12L L=      
2
1
1 2
2
m m
wL L
w
 
=  
 
 
(111)   
 
21L  and 12L  describe the mutual inductances between the two windings and 11L , 22L  the 
self-induction of the windings. The flux coupling between winding 1 and 2 can be written 
as: 
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1 11 12 1
2 21 22 2
L L i
L L i
Ψ     
= ×     Ψ     
 (112)   
 
The voltage equations therewith become: 
 
[ ] [ ] [ ] [ ] [ ]( )
[ ]1 1 11 12 11 2
2 2 21 22 2
d
u R i L i
dt
u i L L idR R
u i L L idt
= × + ×
        
= × + ×        
        
 (113)   
 
This one phase equivalent system can be depicted in the well-known equivalent T circuit of 
two magnetically coupled coils. Preferred is to relate the parameters and variables to one 
side of the transformer and using the ideal transformer to express the transformation. The 
parameters are transformed using the introduced ratio 12a . The transformation from all 
value to the primary side can be made in the following way:  
 
'
2 12 2u a u= ⋅    
'
2 2
12
1i i
a
= ⋅    
'
2 12 2aΨ = ⋅Ψ  
 
' 2
12 12 12
' 2
21 12 21
L a L
L a L
= ⋅
= ⋅
   
' 2
22 12 22L a L= ⋅    
' 2
2 12 2R a R= ⋅  
 
(114)  
 
The calculation of the values to the secondary side can be made in the same way. The 
parameters itself can be determined with a no load and a short circuit test /25/, /61/, /67/, 
/75/, /81/.  
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Figure 49 Equivalent circuit of a transformer referred to primary side 
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Figure 50 Equivalent circuit of a transformer referred to secondary side 
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For asymmetrical dynamic simulations of the 2w3ph transformer the equivalent one phase 
equation developed above are not sufficient enough. The coupling between the phases 
has to be considered as well. The general voltage equations for a two windings 2w3ph 
transformer considering all phases can now be written as: 
 
[ ] [ ] [ ] [ ] [ ]( )
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)cos(1 ϑ=f   )3
2
cos(2 piϑ +=f   )3
2
cos(3 piϑ −=f  
(115)   
 
In the inductance matrix equation (115) new factors 1 2, 3,f f f  are introduced. The factors 
consider the external connection of the windings and the related turn in the phases. The 
factor is easy explained with an example: 
 
A very common coupling of the windings of a three-phase transformer is DYN5. The 
expected phase difference between the voltage in phase a of the primary winding 
compared to the voltage in phase a of the secondary winding is 5 30 150grad grad⋅ = . To 
achieve this phase difference with the model the angle theta should be set to 
2.618radϑ = − .  
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4.2 The 3-windings 3-phase transformer model 
 
The three-winding three-phase (3w3ph) transformer is modelled in the same way as the 
2w3ph transformer. The general equations simply get expanded with a third system 
representing the additional three phases in the third winding: 
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(116)  
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)cos(1 ϑ=f   )3
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In the same way multiphase and multi-winding systems can be modelled.  
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One problem for modelling such a transformer is the determination of the input parameter 
for the model. A possible way is to determine the parameters of the 3w3ph transformer 
from the data sheet of the transformer, which are usually given in the following form. 
 
Typical data  Voltages     Un1, Un2, Un3 
Apparent power     Sn, S12, S13, S23 
Vector group     e.g. DY5 
Short circuit voltages   uk12, uk13, uk23 
Short circuit voltages (resistive)  ur12, ur13, ur23 
No load excitation losses    I0 [%] 
Iron losses      P0 [W] 
 
 
Figure 51 Simplification of 3w3ph 
transformer 
 
The coupling between the 3 windings of the 
3w3ph transformer shown in Figure 51 is 
separated into three single equivalent 
diagrams Figure 52 in order to understand 
the interpretation of the typical data set. The 
typical data describe usually the coupling 
between the different windings and therefore 
the derived parameters are always a mixture 
of both windings. For the 3w3ph dynamical 
transformer model the individual parameters 
per winding have to be achieved. However, it 
is not exactly possible, but they can be 
estimated with assuming a star connection of 
the windings. The parameters though can be 
used later on in the general model as 
described above. 
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Figure 52 Simple equivalent circuit of a 
3w3ph transformer 
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The parameters related to the primary side can be calculated as followed: 
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[ ]13 12 231 2
k k k
k
Z Z ZZ + −= Ω  
 
[ ]12 23 132 2
k k k
k
Z Z ZZ + −= Ω  
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k k k
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(118)   
 
The resistance and the leakage reactance can be found equivalent to the impedance 
calculation. Notice though that resistances and impedances, which are calculated in this 
way, are only estimated artificial values and are not directly related to the real parameters. 
In some cases the calculated values become negative, especially if using the technique for 
an autotransformer /39/. 
 
The main flux inductance can be calculated from the no load measurement. 
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The Matrix parameter can now be determined for e.g. symmetrical geometry to: 
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(120)   
 
4.3 The 2-windings 3-phase autotransformer 
 
Using the same approach as described in the chapter 4.2, the three-phase 
Autotransformer can be seen as a modification of the 3w3ph transformer; even it belongs 
to the group of 2w3ph transformers. While a 3w3ph transformer has three separated three-
phase windings, the Auto transformer has a galvanic connection between the second and 
third winding. This can be expressed in the equivalent diagram as shown in Figure 53. 
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Figure 53 Simple equivalent diagram of the three-
phase three-windings autotransformer 
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Figure 54 Coupling of the second and 
third winding in an autotransformer 
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The simple equivalent diagram of the 3w3ph transformer shown in Figure 52 has only 
changed the coupling between the second and third winding. In Figure 54 is the coupling 
between the second and third winding is shown separately to visualise the determination 
of the resistance parameters. 
 
13 1 3R R R= +   12 1 2R R R= +   23 2 3R R R= +  (121)   
 
If the definition of the resistances between the windings is still valid as shown in equation 
(121) and current between ground and the shared winding is: 
 
2
3
23 32
2
( 1)n n
UI I
U
= − ⋅  (122)   
 
The couplings resistances between the primary and tertiary winding can be calculated to: 
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13 2 122
2
( 1)UR R R
U
= − ⋅ +  (123)   
 
While the resistance of the tertiary winding is: 
 
2
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3 2
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 
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 
 
(124)   
 
Following this path the same equation set as shown for the 3w3ph transformer is deduced. 
The model for the 3w3ph transformer can also be used for describing the autotransformer. 
The only difference is the calculation of the parameter inputs, since the parameters of 
winding three is dependent on the parameters from winding two. 
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4.4 The transformer models implemented in Matlab/ 
Simulink 
 
The 2w3ph transformer model as developed with the equation (115) is implemented in 
Matlab/ Simulink as depicted in Figure 55. In the block “Flux - current” is the 6x6 
inductance matrix is programmed. The input values are the three-phase voltages of 
winding 1 and winding 2. The outputs are the three-phase currents of both windings. 
 
 
Figure 55 The 2w3ph transformer model in Matlab/ Simulink 
 
Included in the model is the phase difference due to the coupling. In Figure 56 a simulation 
of a DY5 (delta-star) transformer coupling is demonstrated. The primary and secondary 
voltage refer to their rated values at a no load simulation is shown. The 150-degree phase 
difference for the 50 Hz signals is clearly visible. 
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Figure 56 Phase difference primary (thick line) and secondary (thin line) voltage 
simulating a DY5 2w3ph transformer 
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In Figure 57 and Figure 58 the transformer is shown at no load and loaded operation. At 
no load there the no load losses can be measured. The voltage is not ideal and a no load 
current is existing. During load the transformer voltage is decreasing at the same time the 
current rises. 
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Figure 57 Ideal (thin line) and real secondary 
voltage (thick line) at no load and full loaded 
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Figure 58 Primary (thick line) and secondary 
current (thin line) at no load and loaded 
 
Typically the transformer is grounded at the star coupling of the secondary side. This 
grounding can be implemented in the transformer model. The ground current can be 
calculated as a difference between the load current and the current output of the 
transformer and initiate a voltage drop to ground. This potential difference is considered at 
the secondary voltage of the transformer. The 2w3ph transformer model inclusive with a 
resistive grounding is shown in Figure 59. The input and outputs of the model change due 
to the implementation. The input is now the 3-phase primary voltage and the secondary 
side 3-phase current. The output of the model is now the secondary 3-phase voltage and 
the 3-phase primary current. 
 
 
Figure 59 The 2w3ph transformer inclusive grounding system 
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The 3w3ph transformer model or the 2w3ph autotransformer model is equivalent to the 
2w2ph model. The only change is the additional third input vector of the voltage and the 
third output representing the tertiary current. The block Flux – current now includes a 9x9 
inductance matrix. 
 
 
Figure 60 The 3w3ph transformer model in Matlab/ Simulink including star point grounding 
 
In the same way as applied in the induction machine model the main saturation can be 
implemented as a variable induction dependent upon from the magnetizing current. The 
change in the main inductance due to saturation is more than in an induction machine, 
related to the different flux path in transformer and induction machine. The beginning of 
the magnetizing curve characterizes the inductance of the flux through the air, while the 
second part of the curve characterizes the inductance influenced from the magnetizing 
material. Because in the transformer a huge part of the flux is coupled over the air, where 
contrary to the induction machine which has only a minimal air gap, the curve is rising very 
fast in the beginning (Figure 61). 
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Figure 61 Magnetizing curve of a 2.1 MVA 3w3ph transformer related to the rated current 
 
The magnetizing impedance can be calculated from the no load measurements. The value 
of the magnetizing impedance consists of an iron losses resistance in parallel to the main 
inductance. The magnetizing inductance can be calculated with equation (125). 
 
0
0 12
0
3
m
U I Z
Z
I
 
− ⋅ 
 
=   
0
2 2 2
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m m
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⋅
=
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R ZL
R Zω
⋅
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(125)   
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Figure 62 Main inductance saturation curve of a 2.1 MVA 3w3ph transformer 
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Figure 63 Block flux – current of a 3w3ph transformer with main saturation 
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4.5 Geometry Development of three-phase Transformers 
 
The three phase model has beside the non-linearity caused by the saturation another 
natural asymmetry caused by the geometrical construction of the three-phase 
Transformer. This fact is usually neglected, though plays an important part if the purpose 
is three phase simulation of symmetrical and asymmetrical conditions.  
Generally a three phase transformer can be achieved by connecting three one-phase 
transformer units.  
 
1
2
a
b
c
 
Figure 64 Three one-phase E-core 
transformer in star connection 
1
2
a
b
c
 
Figure 65 Three one-phase U-core 
transformer in star connection 
 
The difference between the two different transformer core shapes is the distribution of the 
flux. In comparison to the assembly in Figure 65, the flux in Figure 64 is separating and 
closing over the outer core, which causes a bigger size of the transformer unit. The 
connection of 3 one-phase transformer is not the most used solution for a three-phase 
system. Rather than this assembly a combination from the 3 transformer to one three-
phase transformer is used. In Figure 67 one step for the development of such an 
arrangement is shown. 
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Primary and
Secindary winding
 
Figure 66 Magnetic connection of 3 one phase 
transformer to a three phase transformer arrangement 
3u
3i
3Φ
1u
1i
1Φ
2u
2i
2Φ
m
 
Figure 67 Slice of the three-phase transformer 
arrangement 
 
 
The flux in the middle core m is the addition of the flux from the three phases. 
 
1 2 3mΦ = Φ + Φ + Φ  
 
In the case of symmetrical construction and excitation the flux in the common core adds by 
superposed to zero, that means no flux is present in the common leg. 
 
1 2 3 0mΦ = Φ + Φ + Φ =  
 
Therefore the common leg can be cut out of the construction. 
 
Primary and
Secindary winding
 
Figure 68 Symmetrical three-phase transformer 
 
Figure 69 Symmetrical three-phase transformer 
 
However, this symmetrical arrangement uses too much space and therefore it is widely 
used to arrange the three legs of the transformer in one plan. However this is changing the 
flux path and a part of the now asymmetrical flux has to close over the air outside of the 
transformers core 1 2 3 airΦ + Φ + Φ = Φ . 
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Figure 70 Unsymmetrical three-phase transformer 
 
 
 
 
 
 
 
 
 
 
 
Figure 71 Unsymmetrical three-phase transformer 
 
If it is assumed the flux in the air is minimised, the flux coupling from the middle leg is 
shorter that from the outer legs and causes an unsymmetrical flux contribution. This 
causes a smaller magnetising current in the middle leg and also a smaller phase current 
/61/, /81/. This unbalance can also be observed during operation on a symmetrical grid 
and in no load operation.  
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Chapter 5 
 
5. Power system modelling in Matlab/ Simulink 
 
The achieved generator and machine model are parts of the electrical system in wind 
turbine simulation. Beside these two shown components, other elements are necessary in 
order to study the wind turbine’s behaviour during short circuits. Any small network 
consists of a source, line and a load. In the present case the wind turbine is the load of the 
network, connected to a voltage source and a transmission line or cable, which represent 
network dynamics. The wind turbine itself consists of different electrical elements. The in 
Chapter 3 developed machine model and the in Chapter 4 developed transformer model 
are two main parts of the wind turbine model. In this chapter the other electrical elements 
will be modelled. In the beginning the dynamic node technique will be introduced, followed 
by the source modelling and finally a transmission line model is deduced.  
 
5.1 Dynamic node technique 
 
In the case of connecting the different electrical elements like generator transformer, 
cable, loads, sources etc. to a smaller electrical network in Matlab/ Simulink a modelling 
method has to be found. A usable method is the “Dynamic node technique” from F. 
Flinders and W. Oghanna in /25/, /27/ which is developed for power converter simulation. 
This method can be used for any electrical circuit simulation in Matlab/ Simulink. The most 
difficulties with modelling electrical networks in Simulink are given due to simulation 
stability. Complicated mathematical structures with differential equations and nonlinear 
behaviour often lead to unstable simulations and algebraic loops. The most efficient way is 
to model electrical machines and transformers due to the current, which means with 
voltage as input variable and current as output variable. If it is desired to connect a 
transformer and machine the voltage need to be a function of the current. The problem is 
drafted in Figure 72. 
 
aZ bZ
Node
NU
1aU 2aU 1bU 2bU
To Next
Element
aI bI
sourceU
 
Figure 72 Electrical network draft for 
simulation of the power system 
Figure 73 Block diagram expressing the 
theory in Matlab/ Simulink 
 
The problem can be solved by considering the parasitic capacitances between the 
elements, which are desired to connect. The capacitance can be assumed as lumped at 
the circuit node. The voltage over the capacitor can be calculated with the summation of 
the current connected trough this node. 
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1
node n
node
u i dt
C
=   (126)   
 
During steady state the node voltage is constant and has no influence on the simulation. 
Kirchhoff’s current law would be satisfied for every node within the circuit. 
 
( ) 0n steady statei =  (127)   
 
The proper function of this method during dynamical simulations, without influencing the 
simulation result, is ensured by the choice of a very small nodal capacitance (less than 1 
nF). 
The integral nature of the node decouples the mathematical loop system and therewith 
shows the additional advantage of counteract algebraic loops. 
With this technique different devices can easily be modelled. In Table 5-1 a few examples 
are given. 
 
Table 5-1 Different electrical element modelled with the dynamic node technique in 
Matlab/ Simulink 
Device Circuit Block  
(current -> voltage)  
node  
nodeC
refu
3i2
i
1i
nu
 
 
Resistor 
Ri
R
Ru
 
 
Parallel inductance/ 
resistance 
R
L
//R Li
//R Lu
 
 
 
serial inductance/ 
resistance 
R L RLi
RLu
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parallel capacitor/ 
resistance 
R
C
//R Ci
//R Cu
 
 
 
serial capacitor/ 
resistance 
R C
RCi
RCu
 
 
 
 
5.2 Power system elements 
5.2.1 General modelling 
 
The voltage source used for the simulation is an ideal voltage source, with different 
simulation options. The model implemented in Matlab/ Simulink can be derived from the 
equations (128) 
 
( )1ˆ sin 2a a au U f tpi ϕ= ⋅ +
 
( )1ˆ sin 2b b bu U f tpi ϕ= ⋅ +
 
( )1ˆ sin 2c c cu U f tpi ϕ= ⋅ +
 
(128)   
 
Thereby the basic frequency 1f  is assumed as equal in all three phases and has the 50 Hz 
for a 50 Hz system. The phase angle ϕ  and voltage amplitude ˆU  can be changed 
independently for each phase. In case of a symmetrical three phase system the phase 
angle between the phases can be assumed constant as a phase difference of 120° or 
2/3. Figure 74 shows the implementation in Matlab/ Simulink for such a system. 
 
 
Figure 74 Three-phase ideal voltage source in Matlab/ Simulink 
 
This basic principle was expanded with several functions to simulate short circuits, voltage 
drops and frequency changes in the system voltage. The input masked for the Matlab/ 
Simulink block is shown in Figure 75. The model is in an advanced model further 
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expanded with the superposition of harmonics to the described fundamental function.  
 
( ) ( )1 1 1 1ˆ ˆsin 2 2u U f t U f tυ υpi ϕ pi ϕ= ⋅ + + ⋅ +
 
(129)   
 
The index υ  thereby describes the number of the harmonic. 
 
 
Figure 75 Input mask for the simple Matlab/ Simulink block 3 phase voltage source 
 
 
To achieve a more realistic behaviour a serial resistance and inductance can be added to 
the source. Using the dynamic node technique this is implemented as shown in Figure 76 
and Figure 77. 
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R
strayR
L
nodeC
0refu =
nodeC
1abcu
1nodeu 2node load
u u=
Ri //R Li loadi
 
Figure 76 possible RL equivalent network 
 
 
Figure 77 Possible RL equivalent network in Matlab/ Simulink 
 
As probably noticed there is a parallel resistance added to the inductance. This resistance 
introduces a damping of the inductance. The usual value for this resistance is very large 
as e.g. 1strayR M= Ω .  
In Figure 78 the entire system source with a serial RL transmission is shown. 
 
 
Figure 78 Source and RL transmission part in Matlab/ Simulink 
 
The same strategy can be used for connecting arbitrary two devices. 
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5.2.2 Transmission line modelling 
 
The common  model of transmission lines is easily modelled and implemented in the 
same way as described for the connection of two elements. For the purpose of dynamical 
simulation a higher order transmission line model including the coupling between the 
phases is derived. In order to clarify the input parameters for this dynamical model basic 
correlations are described again. The overall model is shown in Figure 79. 
 
 
R L
gC
R L
R L
gG
a
b
c
 
Figure 79 Dynamical transmission line model 
 
However, the task of modelling a higher order transmission line or cable is not as easy a 
task as it seems. Partly this is because there are many different types of lines, which 
complicates the task of finding a general model. In order to give a proper introduction in 
this field, the background of transmission line modelling is explained in more depth than 
the previous developed modelled components. 
 
Line Impedance 
 
It is assumed that an overhead line should be modelled, which is simplified to an infinite 
long, parallel and straight line. These assumptions give the possibility to derive the 
necessary equations, which describe sufficiently the behaviour of a realistic system as well 
/61/, /94/.  
The magnetic field strength outside and inside a line, which is carrying a current, can be 
calculated with the help of Maxwell’s equations to:  
 
( )
2 P
IH r
rpi
=
⋅
    Pr r>  (outside line) (130)   
2( ) 2
PI rH r
rpi
⋅
=
⋅
   Pr r<  (inside line) (131)   
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Figure 80 Magnetic field strength of a line 
 
The inductive coupling between the two lines can be derived from the superposition from 
the fields of the lines. If two parallel lines 1, 2 are studied which have the distance D  and 
a radius r  (Figure 81), the electromagnetic field is defined through the magnetic field force 
B and electrical field force H. 
 
B Hµ= ⋅     0 rµ µ µ= ⋅  (132)   
B dAΦ = ⋅  (133)   
 
2112 BBB +=  (134)   
dAHH ⋅+=Φ  )( 21012 µ   
7
0 4 10
1 ( )
r
H
m
air
µ pi
µ
−
= ⋅
=
 (135)   
 
012 ln
2
I D
l r
µ
pi
Φ  
= ⋅  
 
 (136)   
r
D
A
1 2
 
Figure 81 Inductances of two parallel lines 
 
The inductance between the two lines is dependent on the length and calculated from the 
field: 
 
' 012
12 ln2
L n DL
l I r
µ
pi
Φ ⋅  
= = = ⋅  
 
  with 1=n  (137)   
 
The internal inductance of the line itself can be calculated like in equation (138). It is 
noticed that the internal inductance and field is not dependent on the radius. This is 
caused due to the assumption of homogeneous current density of the conductor. 
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'
8i
L µ
pi
=  (138)   
 
The total inductance per length of line1 from the two-line system is: 
 
' ' '
1 12 1
1ln
2 4i
DL L L
r
µ
pi
 
= + = + 
 
 (139)   
 
The equation (139) can also be used to achieve an average inductance per conductor for 
a three-phase system, as e.g. shown in Figure 82.  
r
abD bcD
ac
D
 
Figure 82 Inductance of a three phase overhead line 
 
The inductance of the three conductors can be different, because of its dependency on the 
distance between them and the currents in the lines. In most transmission lines the 
method of transposition is used. The phase-lines change thereby their geometrical place. 
In this way the geometrical asymmetry gets adjusted to a nearly symmetrical system. If it is 
furthermore assumed that the currents in the three phases are 0a b cI I I+ + =  an equivalent 
average distance (140) and can be used to calculate the average per phase inductance 
(141): 
 
3
acbcabnm DDDD =  (140)   
' ' '
1ln
2 4
nm
abc i abc
B
DL L L
r
µ
pi
 
= + = + 
 
 (141)   
 
A similar method for the calculation of the average inductances can be used for the n-
bundle conductor figurations. 
1802sin
T o
a
r
n
=
r
a
Tr
r
a
Tr
r
a
2n = 3n = 4n =
Br ra=
3 2
Br ra=
34 2Br ra=
1nn
B Tr n r r
−
=
 
Figure 83 n-bundle conductor lines 
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Where n defines the number of conductors, r the radius of the conductor, rT the equivalent 
circle radius, a is the distance between the conductors and rB the equivalent radius of the 
n-bundle conductor. The equivalent radius replaces the radius of one conductor in 
equation (141). 
 
The resistance of the line can be calculated from the cross section area A  of the 
conductor and the electrical conductivity ρ . 
 
i
l lR
A A
ρ
κ
⋅
= =
⋅
 (142)   
 
The electrical conductivity for copper is 256
m S
mm
κ
⋅
=  and for aluminium 235.5
m S
mm
κ
⋅
= . 
Although it is more appropriate to use reference books for the determination of resistance. 
Calculation can cause not accurate enough results, because the additional effects such as 
skin and proximity effect are very difficult to estimate in the cross section area. 
 
The above described inductances are appropriate for the use in an equivalent model such 
as the common -line model. In order to achieve a dynamical transmission-line model the 
influence of the ground has to be considered as well. If an ideal ground is assumed which 
has an infinite conductivity, the influence can be calculated with using the method of 
reflected conductor. With this method a second conductor can be imagined in the ground, 
which is reflected on the ground surface and carries the same amount of current, see 
Figure 84. The external inductance of a single conductor with ground is calculated to: 
 
'
2
ln
2
j
j
h
L
r
µ
pi
=  (143)   
 
In reality the ground does not perfectly conduct. Therefore the equation (143) gives no 
realistic result. In /44/ two main methods for calculation of the ground impedance are 
discussed. If it is assumed that the conductor radius is small compared to the distance 
between conductor and ground, an expression derived from Carlson /44/, /94/ can be 
used. 
The other inductance can now be written as: 
 
' ln
2
g
jL
r
δµ
pi
=  (144)   
 
The value gδ  is the equivalent depth for the current penetration in the ground. 
 
660 gg f
ρδ =  (145)   
 
gρ  is the ground conductivity and its value lies between 10 and 1000 mΩ  and f is the 
frequency. Typical values for the equivalent depth and the ground conductivity are given in 
/1/. If the ground is not known a conductivity of 100 mΩ can be used, which leads to an 
equivalent depth of 930 m at 50 Hz. 
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Figure 84 Single Line-ground coupling 
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Figure 85 Two line system with ground 
coupling 
 
The resistance of the ground is 
 
' 2 410gR f kmpi
−
Ω
= ⋅ ⋅  (146)   
 
It is only dependent of the frequency and independent from the current penetration. This is 
due to the arbitrary big area for the current flow in the ground. 
 
The impedance of one conductor to ground finally completes to: 
 
' ' '( )jg j g j iZ R R j L Lω= + + +  (147)   
 
A more appropriate equation to include in a modelling program is the equation developed 
by Wedepohl /44/. By introducing a complex depth of penetration gwδ  in the ground: 
 
g
gw j
ρδ
ωµ
=  (148)   
 
The ground impedance can be achieved through: 
 
' ' '
2 2
ln
2
gw
g g g
hjZ R j L
r
δωµ
ω
pi
+ 
= + = ⋅  
 
 (149)   
 
If a second conductor is introduced as shown in Figure 85 an additional mutual coupling 
between the two circuits has to be introduced. The inductance can be calculated to /94/. 
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2' ' ln
2
j
jk kj
jk
D
L L
D
µ
pi
 
= = ⋅   
 
 (150)   
 
The equation for the mutual inductances found by Wedepohl /44/ is: 
 
( ) ( )2 22
' '
2
2
ln
2
j k gw jk k j
jk kj kj kj
jk
h h D h hjZ Z R j L
D
δωµ
ω
pi
 
+ + + − − 
= = + = ⋅  
 
 
 (151)   
 
If it is furthermore assumed that the equivalent depth for the current penetration in the 
ground is much bigger than the distance from the conductor to ground for the mutual 
inductance from a two-line system to ground which can be simplified to: 
 
' ' ln
2
g
jk kj
jk
L L
D
δµ
pi
 
= = ⋅   
 
 (152)   
 
Expressing the inductances of the two-line or two conductor system as the length related 
inductance in matrices we can write: 
 
' '
' 11 12
' '
21 22
L L
L
L L
 
=  
 
 (153)   
 
Where the self-inductances 11 22,L L  are the addition of external inductance and internal 
inductance and 12 21,L L  are the mutual inductances. 
 
'
11
'
22
i j
i k
L L L
L L L
= +
= +
    
' ' '
12 21 jkL L L= =  (154)   
 
Equivalent the resistance matrix can be found. 
 
' '
' 11 12
' '
21 22
R R
R
R R
 
=  
 
 (155)   
 
Where '11R  and '22R  are the total self-resistance including the return path and the mutual 
resistance '12R , '21R  is the value of the return path /44/. 
 
' ' '
11
' ' '
22
i g
j g
R R R
R R R
= +
= +
    
' ' '
12 21 gR R R= =  (156)   
 
 
Line admittance 
 
There is an analogy between the electrical field calculation methods and the magnetical 
field calculation methods. Therefore the result for the capacitance calculation of a line is 
quite similar to the inductance calculation. 
A cylindrical line is assumed, which has charged particles on the surface. The charge 
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density of the line is q  and Q defines the charge of the line and can be calculated with the 
flux density D

 from Maxwell’s equations and the Gauss’s law: 
 
||D dA q dl Q D dA= = 
  
  (157)   
 
Because the vector D

 is parallel to the surface area vector, the whole value is in this 
direction and a scalar description can be used. 
 
Q
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Figure 86 Flux density and electrical field intensity of a line 
 
The electrical field intensity calculates from the flux density to: 
 
D Eε=   0 rε ε ε= ⋅  (158)   
ε  is the material constant describing the permittivity. The permittivity of the free space 0ε  
is [ ]128.85 10 /F m−⋅ . Solving Poisson’s differential equation the capacity of the line 
calculates from the potential different – voltage. 
 
DU E dr drϕ
ε
= ∆ = =   (159)   
QC
U
=  (160)   
 
It is common to use the potential coefficient P  as the reciprocal value from the 
capacitance C . The equation (160) is rearranged to: 
 
U P Q= ⋅  (161)   
 
Using the shown equations the field density of the line is 
 
2
qD
rpi
=  (162)   
 
Therewith the potential difference between the line and a point outside line is: 
 
1 ln
2 2
Pr
P
r
rq qU dr
r rε pi piε
 
= ⋅ =  
 
  (163)   
 
The capacity is therefore: 
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1
1ln ln
2 2
P P
QC
r rq
r l rpiε piε
= =
   
   
⋅   
 (164)   
 
'
2
ln P
C FC
rl m
r
piε  
= =     
 
 
 (165)   
 
As shown for the inductances the possibility for a conductor bundle can be used as well. 
The radius has to be replaced with the radius of the bundle. 
D1 2
+q -q
1r
2r
 
Figure 87 Capacitance of two parallel lines 
 
The mutual capacitance of two-line system can be achieved with superposition of the two 
fields. 
 
12 _1
1
ln
2
q DU
rpiε
 
=  
 
 (166)   
2
21_ 2 ln2
rqU
Dpiε
−  
=  
 
 (167)   
2
12
1 2 1 2
ln ln
2
q D q DU
r r r rpiε piε
  
= =        
 (168)   
'
12
1 2
ln
C
D
r r
piε
=
 
  
 
 
(169)   
 
The Capacitance of one line to ground can be determined with the reflecting method 
described in Figure 84. The ground is a potential area for zero potential. It is very obvious, 
that the ground capacitance becomes: 
 
' ' 02
2ln
g jjC C h
r
piε
= =
 
 
 
 (170)   
 
The potential coefficient to ground becomes with inserting the permittivity of the free space 
to: 
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9 218 10 lng jj
h mP P
r F
   
= = ⋅ ⋅       
 (171)   
 
If there is an arrangement of a two-line system like in Figure 85 the mutual capacitance 
coupling is. 
 
' ' 0
2
2
ln
jk kj
j
jk
C C
D
D
piε
= =
 
  
 
 
(172)   
 
2918 10 ln jjk
jk
D mP
D F
   
= ⋅ ⋅        
 (173)   
 
It can be concluded that the potential coefficient or the capacitance per line is a 
superposition from the potential coefficient/ capacitance of the self-charge and the charge 
from another charge. 
j
k
0 0,µ ε
jjC iiC
jkC
jU
kU
 
Figure 88 The partial capacity between two lines 
 
Often there is an interest in the individual capacitance values. The correlation between the 
voltages and charge is given to /61/: 
 
( )
( )
i jj j jk j k
k jk k j kk k
Q C U C U U
Q C U U C U
= + −
= − +
 (174)   
 
( )
( )
i jj jk j jk k
k jk j jj jk k
Q C C U C U
Q C U C C U
= + −
= − + +
 (175)   
 
Now it is possible to define the coefficients jjK , kkK , jkK  and jkK , which have the 
dimension of a capacitance. 
 
( )
( )
jj jj jk jk jk
kj kj jj jj jk
K C C K C
K C K C C
= + = −
= − = +
 (176)   
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In general for a system of n lines the following is valid: 
 
jj jj jk
jk jk
K C C
K C
= +
= −

 (177)   
 
The capacitance matrix notation can be written: 
 
' '
11 12
' '
21 22
K K
K
K K
 
=  
 
 (178)   
 
According to the equations (177), (178) the capacitance matrix for a three-phase system 
can be deduced to: 
a c
aaC cc
C
b
bbC
acC
abC
bcC
 
Figure 89 Model capacitances in a three phase overhead line 
 
aa ab ac ab ac
ba bb ba bc bc
ca cb cc ca cb
C C C C C
K C C C C C
C C C C C
+ + − − 
 
= − + + − 
 
− − + + 
 (179)   
 
From the Maxwell’s equation we can deduce a correlation between the charge and the 
current can be deduced to: 
 
I j Qω=  (180)   
 
Including the losses of the capacitance the Admittance coefficient to: 
 
A G j Kω= +  (181)   
 
And the complete general description as: 
 
i Au=  (182)   
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5.2.3 Model implementation in Matlab/ Simulink 
 
The basic equations for a dynamic 6th order model of the three phase line shown in Figure 
79 are: 
 
[ ] [ ] [ ] [ ] [ ]abcLR abc abc abc abcdu R i L idt= ⋅ + ⋅  (183)   
[ ] [ ] [ ] [ ] [ ]abc abc abc abc abcdi G u K udt= ⋅ + ⋅  (184)   
 
In the model the admittance losses G are not neglected. To solve the differential equations 
(183), (184) in Matlab/ Simulink  equations have to be rewritten. 
 
[ ] [ ] [ ] [ ] [ ]( )1abc abc abcLR abc abcd i L u R idt
−
= ⋅ − ⋅  (185)   
[ ] [ ][ ]abc abc abc loadd u P i idt = −  (186)   
 
[ ]
aa ab ac
ba bb bc
ca cb cc
L L L
L L L
L L L
abcL
 
 
=  
  
 aaL i agL L= +   abL abgL=  
 
[ ]
aa ab ac
ba bb bc
ca bc cc
abc
R R R
R R R R
R R R
 
 
=  
  
 aa i gR R R= +   ab gR R=  
 
[ ]
1
aa ab ac ab ac
ba bb ba bc bc
ca cb cc ca cb
C C C C C
P C C C C C
C C C C C
−
+ + − − 
 
= − + + − 
 − − + + 
 
(187)   
 
The model parameters described as matrices are constants, which take the coupling 
between the 3 phases and ground into account. The line can be modelled with line 
elements as shown in Figure 90.  
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Figure 90 1-phase equivalent for 3-phase model of the line 
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Dynamical input is the load current at the end of the line and the voltage at the beginning 
of the line. Output is the current in the line segment and the voltage at the end of the line. 
 
 
Figure 91 Example for transmission line model implemented in Matlab/ Simulink 
 
The deduced equations can be used for a cable model as well. A cable model differs from 
the transmission line model in the point, that the single phases are placed close together 
and therewith skin and proximity effects play an important role. Furthermore there is 
usually an extra cable for the ground, which so has to be considered in the coupling 
matrices. 
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Chapter 6 
 
6. Wind Turbine modelling 
 
In the previous chapters the improved models of the electrical components are described 
and shown. These advanced electrical models combined with the mechanical model, the 
aerodynamical model and control system model conclude a complete wind turbine model. 
In this chapter the aerodynamic and the mechanic model of the wind turbine are 
described. These models are implemented in Matlab/ Simulink in the block called 
“mechanical system” as shown in Figure 92. 
 
 
 
Figure 92 Block “Mechanical System” in Matlab/ Simulink of the Wind Turbine 
 
 
6.1 Aerodynamic Model 
 
The kinetic energy obtained by the blades from the wind is transformed to mechanical 
torque on the rotor shaft of the wind turbine. The blades are attached to the rotor shaft and 
rotate with the tip speed
rot rω ⋅ , where r  is the length of the blade. The blade profile 
experiences a relative wind velocity generated by the superposition of the tip speed and 
the wind velocity wv . While wind is passing the profile it introduces lift (L) and drag (D) 
forces on the blade, which results in movement of the blade. From these forces the power 
obtained from the wind can be calculated as shown in equation (188). 
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Figure 93 Cross section of a wind turbine blade (-angle of attack). 
 
( ) 31 ,
2w air r p w
P A c vρ λ ϑ= ⋅ ⋅ ⋅  (188)   
 
Thereby airρ  is the air density, wv  the free wind speed experienced by the rotor, rA  the 
swept rotor area and pc  the power coefficient. The power coefficient depends upon the 
pitch angle ϑ  (often denoted as β ) and the tip-speed-ratio λ . 
 
rot
w
r
v
ωλ ⋅=  (189)   
 
The tip-speed ratio is defined by the ratio of the tip speed 
rot rω ⋅  and the wind speed wv . 
The power coefficient is typically given in a form of a table as shown in Figure 94. 
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Figure 94 The power coefficient – tip speed ratio curve as a function of the pitch angle 
 
The torque on the rotor shaft, which is important for the shaft model later on (Figure 97), 
therewith can be calculated from the power with help of the rotational speed.  
 
w
A
r
PT
ω
=  (190)   
 
In Figure 95 the implementation of the aerodynamical model is shown. Notice that the 
torque calculated with equation (190) is called Trot in the picture. It is the torque, which is 
obtained by the rotor shaft through the blades related to the low speed side of the turbine 
shaft. 
 
 
 
Figure 95 The aerodynamical model implemented in Matlab/ Simulink 
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6.2 Pitch model 
 
The mechanical arrangement for pitching the blades of the turbine is later found in the 
Matlab/ Simulink block mechanical systems/pitch system and shown in Figure 96. The 
pitch model consists of the pitch actuator. The pitch actuator is expressed as a non-linear 
function between the control voltage signal and the real pitch angle. The characteristic is 
modelled as a non-linearity with a dead-zone. 
 
 
Figure 96 Model of the pitch system implemented in Matlab/ Simulink 
 
6.3 Mechanical Model 
 
In this chapter the simplified mechanical model of the wind turbine will be described. This 
dynamical model, which can be found in a broad range of literature /56/ - /75/ is widely 
accepted as expressing the dynamical behaviour of the drive train for the area of research. 
The simplified model of the drive train is shown in Figure 97. In this model all masses are 
lumped at the low and high speed shaft. The inertia of the low speed shaft comes mainly 
from the rotating blades and the inertia of the high speed shaft from the generator. Thus it 
is more important to include all small masses of the high speed shaft, because they have 
an important influence on the dynamic system due to the gear ratio transformation. The 
mass of the gearbox itself is insignificant and neglected. Stiffness and damping of the shaft 
are combined in one equivalent stiffness and damping placed at the low speed side. 
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Figure 97 Drive train schematic for modelling of a wind turbine 
 
Input to the model for a two mass system is the torque AT  obtained by the aerodynamic 
system and the generator reaction torque eT . Output is the changes in rotor speed rω  and 
generator speed gω . 
 
The high speed generator dynamics can be expressed as already shown in the description 
of the machine model. Please notice the sign adjustment due to generator operation. The 
difference of the mechanical driving torque mT , the generator reaction torque eT  and the 
torque due to friction losses fricT  result in the change of the generator angular speed gω . 
 
m e fric g gT T T J ω− − = ⋅   (191)   
g gω ϕ=   (192)   
 
The changes of the angular rotor speed 
r
ω  are caused by the difference of the 
aerodynamic torque AT  and the shaft torque ST  at the low speed side. 
 
A S r rT T J ω− = ⋅   (193)   
r r
ω ϕ=   (194)   
 
The mechanical driving torque mT  and the shaft torque ST  are connected by the use of the 
gear ratio in the following way: 
 
S
m
TT
n
=  (195)  
 
The dynamics of the shaft can be described with the equation (196) 
 
S S ST K Dϕ ϕ= ⋅∆ + ⋅ ∆   (196)  
g g
r r
n n
ϕ ωϕ ϕ ω∆ = − = −

 
 
(197)  
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Inserting the equations (196) and (197) into (191) and (193) and using the equations (192), 
(194) and (195) the equations (198) and (199) will be obtained. The equations are used to 
describe the drive train dynamics. 
 
1 gS
r A S r g S r
r
DT D K dt
J n n
ω
ω ω ω ω
  
= − ⋅ + ⋅ − −   
  
  (198)  
2
1 gS S S
g e g g r r
g
D D KT D dt
J n n n n
ω
ω ω ω ω
   
= − − + + + −        
  (199)  
 
To obtain the stiffness constant SK  the eigenfrequency of the drive train has to be known. 
Thinking of a two mass free swinging system the eigenfrequency is defined as: 
 
0 02 SS S
ges
Kf
J
ω pi= =  (200)  
 
The total inertia of the free swinging system on the low speed side can be calculated in the 
following way: 
 
2
2
r g
ges
r g
J J n
J
J J n
⋅ ⋅
=
+ ⋅
 (201)  
 
The stiffness constant of the low speed shaft is: 
 
2
0(2 )S ges SK J fpi= ⋅
 
(202)  
 
The damping constant of the shaft SD  can be obtained with help of the logarithmic 
decrement Sξ . A standard approximation of the logarithmic decrement is 10%. The 
damping constant can be obtained according to: 
 
2 22 4
S ges
S s
s
K J
D ξ ξ pi
⋅
= ⋅
+
 (203)  
 
Figure 98 shows the drive train as described implemented in Matlab/ Simulink. 
 
 
Figure 98 Drive train model implemented in Matlab/ Simulink 
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6.4 Library for Wind Turbine modelling in Matlab/ Simulink 
 
The electrical and mechanical components modelled in Chapter 3 to Chapter 6 are 
generally useful for the developments of wind turbine models. In order to make these 
models accessible for further developments a library in Matlab/ Simulink collects the 
different models. The library is accessible through the Simulink browser as shown in 
Figure 99. 
 
 
Figure 99 Simulink Library Browser with opened Wind Turbine Toolbox 
 
Through the library the different components models are accessible. In the Asynchronous 
Machine Library the different advanced machine types can be found (Figure 100). As in 
this library, various models can be found in the other subgroups. A detailed description of 
the entire library options extents this work. Therewith this shows only an example about 
the library. 
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Figure 100 Induction machine/ Asynchronous machine library 
 
To simplify the work with these elements example sheets called “Wind Turbine demos” 
with some practical assemblies of the elements are included in the library shown in Figure 
101. 
 
 
Figure 101 ”Wind Turbine demos” from the Wind Turbine library 
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As one example the demo model of the Transformer 895 kVA ASM 850 kW network is 
shown in Figure 102. 
 
 
Figure 102 Example model Transformer and ASM network 
 
Furthermore included in the demo model library are the two finished Vestas Wind Turbine 
models, which will be completed with control system, described in the Chapter 7 and 
Chapter 8. 
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Chapter 7 
 
7. Control of a Turbine with controlled rotor 
resistance 
 
 
Control of a machine with the help of variation resistor in the rotor circuit of the machine is 
a well known concept. Vestas uses this concept in a wind turbine called OptiSlip®. The 
feature allows the wind turbine to stay at the optimal operation point by holding the 
generator at an optimal power during small speed fluctuations. This leads to a 
minimisation of torque and power fluctuation during operation, which reduces mechanical 
stress and flicker level of the turbine. The feature is as beneficial during grid failures as 
during standard operation e.g. short-circuit power and current is minimized. 
The variable resistance is connected to the rotor terminals of a slip-ring induction machine 
and is controlled by a rotor current controller. In Vestas the system is called Vestas Rotor 
Current Control (VRCC). The reference for the resistance control is given by the overall 
wind turbine control, which consists of speed control, pitch control and the power 
controller. In Figure 103 description of the total control system is shown. 
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System
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Power
Controller
Speed
Controller
Pitch
Controller
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ref.
Speed
ref.
Power
ref. Current ref.
Power
Generator Speed
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Control
voltage
 
Figure 103 A sketch of the Vestas OptiSlip wind turbine control system 
 
 
7.1 The rotor current control  
 
The rotor current control for the variation of the resistance represents the inner loop of a 
power control and/ or speed control as outer loop. In Vestas this unit is called Vestas Rotor 
Current Control (VRCC) and consists of resistances, a B6 Diode-bridge, an IGBT and the 
control unit (Figure 104). The IGBT, as controllable switch at the DC side, is used for 
controlling the rotor current flow though the external rotor resistances. Thereby the effect 
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of varying rotor resistance on the rotor terminal of the generator is created.  
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Figure 104 Illustration of the VRCC unit 
 
Variation of the rotor resistance allows the induction machine to operate on different torque 
– speed characteristics. Figure 105 shows as example three operation points result from 
resistance change in three different slip points using one torque. This function is well 
known and it is often used for start-up of motors. 
 
 
Figure 105 Torque-speed characteristic with increasing rotor resistance 
 
An adaptation of the method for the wind turbine generator either the torque or the power 
of the generator can remain constant during short term speed changes. Switching the 
complete external rotor resistance the slip of the generator can be increased up to approx. 
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12%. For normal control purposes at rated power of the wind turbine only an increase up 
to slip value of 10% is used. However in fault situations with increased rotor current the 
IGBT will stop switching and the total resistance will be connected to the rotor terminals. 
The input for the VRCC is the rotor current reference value, which is received from the 
power controller and the measured rotor current. The output of the VRCC is the duty cycle 
for switching the IGBT. 
 
7.1.1 Modelling of the rotor current control 
 
The VRCC unit can be simplified for the researched time frame, since the most interest 
lies in the damping of the system and minimizing short circuit contribution to the grid. In the 
model the VRCC is implemented as a continuous controller. The power electronic is 
simplified by the direct calculation of the active external resistance from the duty-cycle 
Figure 106. With the resistance the voltage at the rotor terminals can be calculated. The 
rotor voltage is the input for the generator model. 
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Figure 106 Simplified VRCC model 
 
The VRCC control consists of two cascaded PI-controllers called Master and Slave PI as 
shown in Figure 107. The Slave-PI controller compensates for the poles of the generator. 
To increase the dynamic of the control the Master-PI controller is introduced /96/. 
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Figure 107 VRCC – controller using two serial PI-controllers 
 
For compensation of the electrical generator poles the integrator time constant of the 
Slave controller iST  is set to the time constant rT  of the generator. 
 
'
'
r s
r
r s
L LT
R R
σ σ+
=
+
 
'
'
ext
r
r s
RK
R R
=
+
 (204)   
 
The transfer function of the closed loop slave controller is then: 
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1
1
r meas
ref cl S
I
I T s
=
⋅ +
 (205)   
 
Where: 
 
'
iS s r
cl S
pS ext
T R RT
K R
+
= ⋅  (206)   
 
The gain of the slave controller is achieved from equation (206) to: 
 
'
iS s r
pS
cl S ext
T R RK
T R
+
= ⋅  
i S
pS
cl S r
T
K
T K
=
⋅
 (207)   
i S rT T=  (208)   
 
The closed loop time constant for the slave controller is deduced from the closed loop time 
constant of the master controller. The time constant of the master controller is chosen in 
the way that the closed loop transfer function is representing a first order system. 
 
1
1
r meas
ref cl M
I
I T s
=
⋅ +
 (209)   
 
The closed loop master time constant cl MT  is chosen to be set equal to a desired time 
constant, which should be much less than the sample time of the overall control. Therewith 
the closed loop slave time constant can be calculated to: 
 
2
cl M
cl S
T
T =  (210)   
 
The master time constant i MT  is simply deduced to: 
 
i M cl ST T=  (211)   
 
and the gain of the master controller to: 
 
cl S
pM
cl M
T
K
T
=  (212)   
 
Simulations made with a variation of the generator speed show the effect of the VRCC. 
The speed at the generator axis is stepwise changed to express a slip of 2, 4 and 10%, 
which is rated operation of the wind turbine (see chapter 7.2).  
The slip s is positive defined for generator operation. 
 
0
1g
n
s
n
= −  (213)   
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Figure 108 Initiated generator speed 
changes depicted as slip [%] 
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Figure 109 Controlled external rotor 
resistance as reaction to the speed changes 
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Figure 110 The 3-phase rotor current 
controlled by the VRCC system 
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Figure 111 Changes of 3-phase rotor 
voltage due to the slip changes controlled 
by the VRCC 
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Figure 112 Rotor current reference value 
(solid line) and feedback rotor current 
amplitude (dotted line) of the VRCC 
 
1 1.5 2 2.5 3 3.5 4 4.5 5
0.9
0.95
1
1.05
1.1
1.15
po
w
er
 
[p.
u.
]
time [s]
 
Figure 113 Simulated generator power 
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7.2 The Power Control 
 
When the wind turbine is connected to the grid the power control is active. The power 
control represents the outer control loop to the VRCC. The input for the PI power controller 
is given by a calculation of the power reference on the basis of the generator slip. 
 
 
 
Figure 114 The power control scheme  
 
During start of the wind turbine the wind might not be high enough to produce enough 
torque on the turbine for running on rated power and the wind turbine is in partial load 
operation mode. The power is controlled to increase with a generator slip of 2% as shown 
in Figure 115. If the wind speed rises to a point where rated power can be produced, the 
wind turbine will switch to rated operation mode. In rated operation mode the power of the 
wind turbine will be controlled to a constant rated power output, while the rated slip will be 
controlled by the pitch control to 4%. Short time speed changes at rated power output are 
controlled by possible slip changes between rated slip of the generator which is approx. 
0.5% with no external connected resistance and the max. allowable value of slip=10%. 
 
 
 
Figure 115 Power – Slip reference curve of the 
power controller 
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While the rotor current control is implemented in continuous time domain, the power 
control is modelled in discrete time steps. In Figure 121 the peak of the sampled feedback 
power is very small compared to the real power peaks during the speed steps. 
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Figure 116 Initiated generator speed changes 
depicted as slip [%] 
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Figure 117 Controlled external rotor 
resistance as reaction to the speed changes 
with VRCC and power controller 
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Figure 118 The 3-phase rotor current 
controlled by the VRCC system and outer 
power control loop 
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Figure 119 Changes of 3-phase rotor 
voltage due to the slip changes controlled 
by the VRCC and outer power control loop 
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Figure 120 Rotor current reference value 
(solid line) and feedback rotor current 
amplitude (dotted line) of the VRCC 
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Figure 121 Power reference (solid line) and 
feedback generator power (dashed line) for 
the power controller 
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7.3 The Speed Control 
 
The speed reference and the power reference increase proportionally until the rated 
values are reached. The rated speed reference is default 4%. If the wind speed and the 
power output are below the rated values, the slip will be below 2% and the pitch will be 
controlled from a parameter list based upon the wind speed. This feature is called 
OptiTip®. If the wind speed is above the rated value, the power output will be almost 
constant at nominal power and the generator speed is controlled to follow the reference 
speed by changing the pitch. The speed non-linearity increases the gain if the slip is below 
or above the rated slip value. The increased gain below or above will speed up the pitch 
control. The increase above is to avoid over speed errors of the turbine, while the increase 
below increases the power production by returning fast to rated conditions. 
 
 
Figure 122 Speed controller of the wind turbine control 
 
7.4 The pitch Control 
 
The turbine has a pitch control system for each blade. Each pitch control system is a servo 
loop which will make the pitch follow a given reference as quickly as possible and with 
sufficient damping. The pitch controller is a non-linear controller which compensates for 
the dead band and the limitations in the proportional valve (see aerodynamic model for 
actuator description). 
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Figure 123 Pitch controller included in the wind turbine controller 
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Figure 124 Wind turbine power curve with used control features 
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7.5 Validation of the OptiSlip® wind turbine model 
 
For validation of the whole turbine model a simplified validated Matlab/ Simulink model /13/ 
is used. The complete OptiSlip® turbine model is shown in Figure 125. 
 
Figure 125 Complete OptiSlip turbine model in Matlab/ Simulink 
 
Figure 126 Control of the complete OptiSlip turbine model in Matlab/ Simulink 
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The inputs of the turbine model are different wind speeds and the electrical grid voltage. 
The grid voltage is a three-phase voltage with a frequency of 60 Hz. For the simulation a 
three-phase generator model including the saturation of the main and leakage inductance 
has been used and compared to a Vestas pre-developed validated OptiSlip model 
exclusive generator, transformer or grid elements. 
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Figure 127 Wind input in m/s 
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Figure 128 Pitch angle theta [deg] red - validated 
simple Vestas simulation model; black – new wind 
turbine model 
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Figure 129 Power controller reference value and 
feedback for red - validated simple Vestas model; black 
– new wind turbine model 
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Figure 130 VRCC controller feedback rotor currents 
– red validated simple Vestas model; black – new 
wind turbine model 
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Figure 131 Slip [%] red – validated simple Vestas 
model; black – new wind turbine model 
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Figure 132 External rotor resistance fro red – 
validated simple Vestas model; black – new wind 
turbine model 
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In the following steady state validation are made. In Table 7-1 values simulated with the 
V80 VRCC Optislip wind turbine are shown. 
 
Wind speed 
[m/s] 
P 
[MW] 
speed 
[rpm] 
I rotor 
[%] 
Duty C. Pitch 
[deg] 
6 0.275 1803 14.5 0.30 0.5 
8 0.700 1820 34 0.20 -1.5 
10 1.25 1828 62 0.13 -1.7 
12 1.78 1866 89 0.27 1.4 
14 1.80 1872 89 0.28 9.2 
16 1.80 1872 89 0.28 13.8 
18 1.80 1872 89 0.28 17.8 
20 1.80 1872 89 0.28 21.15 
Table 7-1: Simulated steady-state operating points with constant wind speed, deduced 
from the dynamic simulations shown above 
 
The steady state characteristics of an actual V80 1.8 MW turbine are shown in Table 7-2. 
These values were gathered from the average values taken from available measurement 
(.VDF) tracks of a real turbine /44/. 
 
Wind speed 
[m/s] 
P  
[MW] 
speed 
[rpm] 
I rotor  
[%] 
Duty C.  Pitch 
[deg] 
4.01 0.091 1807 5.56 0.446 1.65 
4.87 0.220 1812 10.89 0.366 1.26 
5.32 0.277 1812 13.67 0.333 0.96 
6.45 0.428 1815 20.4 0.246 -0.01 
8.07 0.723 1820 34.68 0.185 -1.47 
8.65 0.778 1821 37.19 0.185 -1.65 
9.74 1.26 1828 59.9 0.144 -1.68 
10.08 1.53 1839 72.8 0.167 -1.20 
10.85 1.79 1869 86.0 0.286 0.25 
11.17 1.71 1858 81.4 0.245 1.80 
18.87 1.80 1879 85.7 0.335 17.6 
Table 7-2: Measured average steady-state operating points 
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Figure 133 Power curve (simulation – solid 
line, measured – dotted line) 
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Figure 134 Power speed (simulation – solid 
line, measured – dotted line) 
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Figure 135 Rotor current –wind speed 
(simulation – solid line, measured – dotted 
line) 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
Po
w
e
r 
[M
W
] 
slip [%]
 
Figure 136 Power slip (simulation – solid 
line, measured – dotted line) 
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Figure 137 Slip –wind speed (simulation – 
solid line, measured – dotted line) 
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Figure 138 Power – rotor current 
(simulation – solid line, measured – dotted 
line) 
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Figure 139 Duty cycle –wind speed 
(simulation – solid line, measured – dotted 
line) 
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Figure 140 Pitch angle –wind speed 
(simulation – solid line, measured – dotted 
line) 
 
 
7.6 Discussion 
 
The new OptiSlip turbine model developed in this work shows more oscillations than the 
validated existing Vestas model /13/ while performing dynamic simulations. There exist a 
lot of different explanations for this. The existing Vestas model was developed for the 
different purpose of designing and tuning of the pitch control. The pitch control as outer 
loop of the whole control is slower than the inner current control loop. The dynamics of the 
electrical parts have not been of interest for the purpose of pitch control design. Therefore 
it was sufficient to include a simplified representation of the electrical components. For the 
present work, with focus especially on electrical dynamics the detailed representation of 
the electrical components is important, while the control features are identical in the two 
Optislip turbine models.  
In the Optislip turbine model developed in this work a clear separation between the 
modelled parts has been made. The real parts of the turbine, such as generator and drive 
train are implemented in a continuous time domain with alternating values and the control 
is represented in the discrete time domain and deals with DC-values. The previous 
developed Vestas model is based on simplified d, q models, which transforms all 
alternating values into DC values and is therefore much more stable than the new 
developed detailed model representation. In order to reduce the oscillations shown in the 
simulations Figure 127 to Figure 132, some controllers have been improved with an anti 
windup. The oscillations could be limited to the amount shown in the figures, which is 
around factor 2 less than before. Furthermore the dynamic limitation of the VRCC Slave PI 
– controller together with the real generator model leads to mathematical instabilities in 
Simulink, which causes noise on the signal. Unfortunately a removal or change of this limit 
has a drastical influence on the behaviour of the whole turbine control. In principle there 
has been found a good agreement between the two models. 
In the second part, steady state simulations from the new OptiSlip wind turbine model 
have been compared to the measured average values of a real turbine. The simulated 
values show good agreement with the real values. Note though, that the model is close to 
instability, which makes it difficult to get accurate steady state values from the simulation. 
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Chapter 8 
 
8. Wind turbine with a doubly-fed induction 
generator control 
 
 
Nowadays wind turbines equipped with slip-ring induction generators and doubly-fed 
control are widely used. Vestas introduced their first wind turbine with doubly-fed control, 
the so called OptiSpeedTM control in 1999 for the wind turbine type V80 2MW. Wind 
turbines with this control have the advantages of optimizing energy production, minimizing 
structural loads, limiting noise emission and improvement of the power quality. New 
challenges gave and give plenty possibilities for improvements in the control and design 
during this long time usage of this wind turbine concept. Although the control aims have 
become more complex the basic control from Vestas is built on the principles set forth in 
the German PhD thesis by D. Arsudis /4/. In Figure 141 a simple sketch of the total Vestas 
OptiSpeed wind turbine control system is shown. Basically it can be separated into two 
parts. Firstly the Vestas Converter System (VCS) control, consisting of power controller, 
rotor current controller and the grid converter controller. The other part is the overall wind 
turbine control, consisting of speed controller, full-, partial load controller, pitch controller 
and logic. 
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Figure 141 Sketch of the Vestas OptiSpeed control 
 
8.1 The principle of DFIG Control 
 
A usual generator with short-circuit rotor terminals or squirrel-cage is only able to have a 
minimal rotor speed variation (approx. 1%) dependent on the frequency at the stator 
terminals of the generator. The Vestas OptiSlip® system already extends this small rotor 
speed variation range to a variability of 10% as described in the chapters above. Using a 
doubly-fed generator system allows a variation of the rotor speed from -40% to +30% of 
the generators synchronous speed, which increases the yearly production approx. 5% 
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additional to all the other advantages mentioned already in the introduction. 
The doubly-fed system, shown in Figure 144 has a converter attached to the rotor 
terminals of the induction machine. The converter makes it possible to supply or obtain 
power from the grid through the rotor terminals. This prevents the generator from switching 
to motor operation while driving at sub synchronous speed. In the so called over 
synchronous operation the generator’s speed is higher than synchronous speed. In this 
operation power from the stator terminals as well as power from the rotor terminals is 
supplied to the grid. 
The ideal stationary power distribution through the generator is dependent on the slip of 
the generator as shown in equation (214), (215), (216) and Figure 142, Figure 143.  
 
M r eP Tω= ⋅  (214)   
0
1
M
S M
r
PP P
s
ω
ω
= = ⋅
+
 (215)   
1R M S M S
sP P P P s P
s
= − = = ⋅
+
 (216)   
 
With: MP    obtained mechanical power through the shaft of the generator 
SP    power through the stator of the generator 
RP    the power through the rotor of the generator 
ELP   total to the grid supplied power 
0ω   synchronous speed 
r
ω   rotor angular speed 
s   slip ( 00, rs ω ω> >  and 00, rs ω ω< < ) 
 
In sub synchronous operation, when the speed of the generator is below synchronous 
speed, a part of the stator produced power is fed back into the rotor of the generator 
through the converter as shown in Figure 142 and Figure 143. 
 
 
Figure 142: Power flow of an ideal DFIG at over 
synchronous speed 0rω ω> . 
 
Figure 143 Power flow of an ideal DFIG at 
sub synchronous speed 0rω ω<  
 
 
The electrical configuration shown in Figure 144 is the basis for the model of a Vestas 
wind turbine developed in this chapter. It consists of a 2w3ph autotransformer, a converter, 
which only will be simplified modelled and the DFIG. The delta-star switch is left out of the 
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described model, but is easy to include at a later stage. 
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Figure 144 Electrical configuration of the Vestas 2MW OptiSpeedTM turbine 
 
 
8.2 The DFIG Rotor Converter Control 
 
The active - and reactive power flow of the machine can be controlled through the rotor 
converter, with the control of the rotor currents. Using the Parks Transformation and 
orientating all machine equations to the stator field for the control brings mainly two 
advantages. First of all the alternating time values of current, voltage and flux become DC 
– values, which are easily to control and secondly it is possible for a decoupled control of 
active and reactive power, through the two d, q - components. 
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Figure 145 Vector scheme of the doubly fed generator 
 
For the transformation of the machine stator voltage equation, neglecting the zero 
component, from the stationary stator reference frame into the rotating stator flux 
coordinate system the equation has to be rotated with the stator flux angle γ  
 
dt
diRu
s
ss
ss
s
s
Ψ
+⋅=    / je γ−⋅  
, ,, , s d q s d qs d q s d qs
d
u R i j
dt
γ= ⋅ + Ψ + Ψ  
(217)   
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The transformation of the rotor voltage equation, from the rotating rotor reference frame 
into the rotating stator flux coordinate system the equation have to be turned with the slip 
angle σ  (218). For more detailed explanation about the transformation please go to 
Appendix 11.3. 
 
'
' ''
r
r r r
r rr
d
u R i
dt
Ψ
= ⋅ +    / je σ−⋅  
' ' ' ''
, ,, , r d q r d qr d q r d qr
d
u R i j
dt
σ= ⋅ + Ψ + ⋅ ⋅ Ψ  
(218)   
 
For the stator flux orientation the necessary angle γ  can be derived from the phase angle 
of the main voltage LU , whose coordinate system has an negligible small angle difference 
from the stator flux coordinate system. The main voltage is in synchronism with the stator 
flux and is shown aligned on the imaginary q axis of the stator flux coordinate system. The 
measured rotor currents have slip-frequency and are related to the rotating rotor 
coordinates with the angle ε . Orientation to the rotating stator flux coordinate system has 
to be done with the slip angle σ , which can be derived from the main grid angle λ  and the 
rotor current angle ε  as shown in Figure 145 and (219).  
 
2G
piγ γ= −  
Gσ ε λ γ ρ= − = −  
(219)   
 
From the Stator flux equation (220) in d, q stator flux coordinates the relation between the 
stator and rotor current can be derived /4/, where sσ  is the stator leakage factor. 
 
' '
, , , ,
( ) (1 )s d s d q r d q s d q r d qs m m s m mL L i L i L i L iσ σΨ = + ⋅ + ⋅ = + ⋅ ⋅ + ⋅  (220)   
 
Separation of equation (220) into their components and using the magnetizing current 
/
ms s mi L= Ψ  the following equation can be derived. 
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(221)   
 
The active and reactive power calculated with the d, q components are shown in equation 
(222) and (223). The stator voltage d-component is very small and can be neglected. The 
q – component of the stator voltage can be approximated to be constant under rated 
condition. Therewith the active power can be controlled by the q-component of the stator 
current and the reactive power can be controlled by the d-component of the stator current. 
 
{ } *
0
3 3Re
2 2s ss sd sd sq sq
P u i u i u i
≈
 
= ⋅ ⋅ = +  
 
 (222)   
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{ }

*
0
3 3Im
2 2s ss sd sq sq sd
Q u i u i u i
≈
 
 = ⋅ ⋅ = −
 
 
 (223)   
 
Like the power, the torque equation can be expressed in stator flux coordinates. Since the 
d-axis of this coordinate system is aligned with the stator flux, the q-component of the 
stator flux is zero and therewith the torque can be controlled as the active power through 
the q-component of the stator current. 
 
{ }
0
3 3Im
2 2
s s
s se p p sq sd sq sdT p i p i i
∗
=
 
 
= ⋅ ⋅ Ψ ⋅ = ⋅ ⋅ Ψ − Ψ ⋅
 
 

 (224)   
 
Using equation (221) in equation (222) and (223) the power is expressible with the rotor 
currents. 
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The power controller is a PI-controller, with input the calculated grid power error and as 
output the reference rotor current for the rotor current control. Thereby the power controller 
constitutes the outer loop as a cascaded control strategy shown Figure 146.  
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Figure 146 Power and rotor current control for DFIG 
 
The rotor controller is as well a PI-controller with input the rotor currents error and output is 
the rotor voltage which is used as input to the generator model. 
 
' ' ''
, , , , ,
( ) (1 )r d q r d q r d q r d q s d qm r m r m mL L i L i L i L iσ σΨ = + ⋅ + ⋅ = + ⋅ ⋅ + ⋅  (227)   
 
Separation of equation (218) into their components and using the magnetizing current 
/
ms s mi L= Ψ  , the rotor time constant /r r rT L R=  and the total leakage factor 
[ ]1 1/ (1 ) (1 )t s rσ σ σ= − + ⋅ + the following equation for the rotor current can be derived /4/. 
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( ) ( )1rqt r rq rq t r rd t r ms
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ud dT i i T i T i
dt R dt
σ γ ρ σ σ+ = + − ⋅ − −   (229)   
 
Thereby the PI-controller for the current control can be designed. The input of the current 
controller is the rotor current error and output the rotor voltage. 
 
 
8.3 The DFIG Grid Converter Control 
 
The main task of grid converter control is to control the DC voltage of the DC link, while 
exchanging power with grid. Changes of the DC link voltage will occur e.g. when changing 
the generator torque. The rotor converter control supplies power into the rotor of the 
generator or the opposite. The power exchange with grid can be controlled by control of 
the grid current IL or the grid converter current IG (230), (231).  
 
{ }*3 3Re2 2L LG L LqP u i u i= ⋅ ⋅ =  (230)   
{ }*3 3Im2 2L LG L LdQ u i u i= ⋅ ⋅ = −  (231)   
 
If the grid current and the power exchange with the grid is not corrected fast enough the 
DC – link voltage will decrease or increase. A consequence of a decreased DC voltage 
can lead to a failure of the generator control or an increased current, which could lead to a 
damage of the power electronic modules. The increase of the DC voltage can lead to 
overloading of the DC link capacitor, which can give hard ware damages and a loss of 
control capabilities of the grid control. 
In Figure 147 a schematic of the grid converter with the DC link filter and the grid voltage 
are shown. 
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Figure 147 Grid inverter; variables in operation during power supply to the grid 
 
The current through the DC-link capacitor and thereby the DC-link voltage can be 
calculated from the rotor power of the generator and the grid power (232), (233).  
 
_
R G
C DC R DC
DC DC
P Pi i i
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= − = −  (232)   
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The grid converter voltage Gu  for the grid power calculation can be achieved from the 
main grid voltage Lu  as described with equation (234).  
 
G G G LG G
d
u R i L i u
dt
= ⋅ + ⋅ +  (234)   
 
Transforming the voltage equation with the grid angle gamma into the grid coordinates 
rotating reference frame as shown in Figure 148 and after separation into their real and 
imaginary part the equations for the control path are achieved /4/.  
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Figure 148 Vector scheme of the grid side inverter 
 
The DC link voltage control is the outer loop of the cascaded control structure shown in 
Figure 149. The output of the DC-link voltage control gives the input to the grid current 
controller. 
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Figure 149 DC-link voltage control structure 
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8.4 Simulations with the rotor- and grid controller 
 
The following simulations are made with a machine model including all saturation effects, 
and controlled by the previously discussed rotor inverter control, while the grid converter 
control secures the stability of the DC-link voltage. In the simulation dynamics caused by 
short term differences in the DC-link are included. Mechanical dynamics are implemented 
with a one mass system representing the generator shaft. Two different simulations will be 
discussed to show functionality of the two control structures. In the simulation a power step 
at constant speed and a speed step on the generator axes at constant power are initiated. 
The controller parameters are taken of a real Vestas V80 2 MW wind turbine. 
 
8.4.1 Simulation of power step from partial load to full load 
 
The input grid voltage during these simulations is a constant stiff input Figure 150. At first a 
step from 0.75 of rated power up to rated power of the 2MW machine is made Figure 151, 
while the speed is controlled to its rated value Figure 152. 
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Figure 150 Constant grid voltage during 
power step 
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Figure 151 Grid power reference and 
feedback of the power step 
 
The power step results in a short speed oscillation resulted from the generator reaction 
torque to the power step seen in Figure 152. The reaction torque is limited as the 
generator power is limited through the current limit seen in Figure 157 and Figure 158. 
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Figure 152 Generator speed during the power step 
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Figure 153 Generator reaction torque to the power 
step 
 
The reactive power reference is set to zero, though a short reactive power exchange with 
the grid occurs during the power step. It is to notice that the exchange of reactive power 
with the grid for the simulation with the machine model including all saturation effects 
(dotted line in Figure 154) is smaller than with the machine model without saturation 
effects. 
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Figure 154 Reactive grid power reference and feedback during VCS-test simulation 
 
The generator active power and the active power of the grid converter sum up to the 
controlled active grid power. The exchanged power through the grid converter with the grid 
is a smaller than with the generator rotor exchanged power the through the rotor converter. 
This is related to the losses in the converter, which are due to the simplified model very 
small. 
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Figure 155 Generator rotor power (dotted line) 
and grid converter power (solid line) 
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Figure 156 Grid power reference, feedback 
(solid line) and generator stator power (dotted 
line) 
 
The supplied power from the stator is limited due to the limit in the rotor current during the 
dynamic oscillation initiated by the power step. 
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Figure 157 Quadrature axis rotor current 
reference (solid line) and feedback (dotted 
line) 
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Figure 158 Direct axis rotor current reference 
(solid line) and feedback (dotted line) 
 
 
During the power exchange through the converter, the DC-link voltage is controlled to its 
rated value as shown in Figure 159. 
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Figure 159 DC-link voltage reference and feedback value 
 
 
8.4.2 Simulation of a speed step 
 
A speed step from sub-synchronous to over-synchronous speed during the rated power 
production is simulated. The input grid voltage is kept constant as in the first simulation. 
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Figure 160 Generator speed step response 
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Figure 161 Grid active power reference and 
feedback during the speed step 
 
The generator reaction torque is shown in Figure 162. During the speed step the current 
limits are not reached and the power and the generator reaction torque are not limited, as 
during the power step simulation. The reactive power exchanged with the grid is greater 
during the speed step as during the power step. Thereby the reactive power oscillation 
simulated with the machine model including all saturation effects (dotted line) is bigger 
than the oscillation of the machine model without saturation effects seen in Figure 163.  
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Figure 162 Generator reaction torque 
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Figure 163 Grid reactive power reference 
and feedback during the speed step 
 
The differences between the grid converter power and the generator rotor power are again 
shown in Figure 165. The rotor power compensates for the oscillations in the stator power 
so that the grid power is controlled to the rated power as seen in Figure 164. 
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Figure 164 Generator stator power (dotted 
line) and grid power during (solid line) speed 
step 
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Figure 165 Grid converter power (dotted line) 
and generator rotor power (solid line) during 
speed step 
 
In the same way as during the power step simulation, the speed step leads to a dynamic 
exchange of power through the converter. Therefore the DC-link voltage reacts to the short 
time changes as well seen in Figure 166.  
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Figure 166 DC-link voltage reference and feedback signal 
 
8.4.3 Validation of the DFIG control system 
 
The following graphs show the measured grid current, grid voltage and DC voltage during 
a voltage dip test of a 2MW machine in a test bench. The measured line stator voltage 
depicted in Figure 167 is used as input for the model to simulate the case with the 
developed DFIG control system model. 
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Figure 167 Measured stator voltage from a 2MW test bench 
  
126 
The active power reference is set to the rated power output and the reactive power 
reference is given to zero. The simulated active power signal is difficult to identify in Figure 
168, because it is hidden behind the measured signal. The reactive power in Figure 169 
shows the same behaviour. 
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Figure 168 Measured active power p.u. 
(solid line) and simulated (dashed line) in the 
test bench 
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Figure 169 Measured (solid line) and 
simulated (dashed line) reactive power p.u. 
 
In Figure 170 the DC-link voltage before and after the voltage dip is shown. The DC link 
voltage starts rising immediately after the decrease of the grid voltage. The internal 
protection system starts a disconnecting procedure after reaching 1.125 of the rated DC-
voltage. This limit is reached at 3.142s and the over voltage protection circuit (OVP) will 
start operation immediately because the disconnection of the whole system is delayed due 
to delays caused by physical contactor operation time during initiation and opening. A non 
interruptible current, driven by the inductances in the circuit, causes a further rise of the 
converters DC-link voltage. 
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Figure 170 DC-link voltage measured (solid line), simulated with machine model including 
saturation effects (dashed line) and simulation with machine model without saturation 
effects (dotted line) 
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In Figure 171 the stator currents of the generator are shown. The simulated values follow 
the measured current in the steady state with an error less than 1%. With the voltage dip 
the protection devices are activated. This changes the current circuit and the current 
probes are not detecting the full current anymore, which causes the discrepancy between 
the measured stator current and the simulated current values. The considered over 
voltage protection can be seen in the end of the shown grid current plot shown in Figure 
171. 
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Figure 171 Grid current measured (solid line), simulated with machine model without 
saturation effects (dotted line) and simulation using machine model with saturation effects 
(dashed line) 
 
 
8.4.4 Discussion of the simulation results 
 
The simulated power step and speed step show the functionality of the doubly-fed 
induction generator control system, which consists of the grid – and rotor converter control. 
The different controllers have been able to control the signals to their reference values in 
both cases, which are extreme situations and are not likely to occur in reality. It has been 
shown; that the control operates satisfactorily in partial and full load operation. A fine 
tuning of the control parameters would be advisable to improve the speed of the control 
during the fast oscillation. Using a simplified converter model instead of a fixed DC-link 
voltage gives the possibility for a more realistic behaviour, since power from the rotor of 
the generator through the converter is supplied back into the stator of the generator. A 
good example for the importance of this possibility is in the simulated case of the power 
step. While the rotor currents are limited and therewith the power of the generator is 
limited as well, the power supplied through the converter equalizes this nonlinearity. It is 
not possible to see the limit and strong oscillation in the total grid power and therewith in 
the grid. Using the stator power as power supplied to the grid instead of the sum of stator 
and rotor power, would give a wrong impression about the wind turbines behaviour and 
power quality on the grid. 
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The simulated values done with the measured input approve the usability of the developed 
model. Simulated model values show less than 1% difference to the measured values and 
lies thereby inside the measurement tolerance band. It is to notice there is only a minimal 
influence of the saturation effects during the doubly fed operation. In the doubly fed 
operation the influence of machine effect seems negligible and the control is able to 
compensate for the nonlinearities in the machine. The characteristics of the generator 
come forward again in failure situation, especially when the control is disabled and the 
generator is operating with short circuit rotor terminals, as it is already indicated in Figure 
171. The influence of machine saturation effects will be studied further during the 
simulations with the complete OptiSpeed Turbine model in failure situations. 
 
 
8.5 The OptiSpeedTM wind turbines overall control strategy 
 
Although the optimal way to gain energy from the wind is a major control target it plays 
especially a role in partial load operation, under the absence of noise restrictions, while in 
the full load the power is limited and the optimal operation is irrelevant. 
Maximum energy from the wind is obtained when the rotor is operating at its aerodynamic 
optimum. The aerodynamic optimum is reached, if the tip-speed ratio optλ  and the pitch 
angle optϑ  are at their optimum. To keep the tip-speed ratio at its optimum the rotor with 
the radius R has to be operated with a rotor speed 
rotω  proportional to the wind velocity wv  
(237). 
 
opt w
rot
v
R
λ
ω =  (237)   
 
The stationary power obtained by the blades on this optimum condition is: 
 
2 3
, ,
1
2w el air P opt w
P R c vηρ pi=  (238)   
 
However, it is not always beneficial or possible to operate the turbine at a point for 
maximal energy gain. The operational wind speed area is limited, due to the turbines 
operation area. The operation area can be defined by introducing rotor speed limits. 
Between the minimum and rated rotor speed [ ]min , rtdω ω  4 different control strategies apply 
/56/. 
The first is an operation at wind speeds less than the wind speed correlated to the 
minimum rotor speed 1v  (239). The rotor can not operate on its optimal tip-speed and 
therefore the controls main task is to keep the minimum rotor speed. 
 
min
1
opt
R
v
ω
λ=  (239)   
 
In the partial operation range between minimum rotor speed and maximal rotor speed, the 
turbine is controlled to operate with the optimal tip-speed ratio. 
 
2
rtd
opt
R
v
ω
λ=  (240)   
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If the wind speed is above defined 2v  the turbine can not operate further with the optimal 
tip-speed ratio, since the speed is restricted to the rated generator speed. 
With further rising of the wind speed, the turbine switches from the partial load operation 
into full load operation (fourth control strategy). Consideration about the optimal rotor 
efficiency are in the last control areas not necessary, hence the power is limited to the 
rated power. 
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Figure 172 Stationary generator speed vs. 
wind speed for an OptiSpeedTM wind 
turbine 
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Figure 173 Steady state operation curve 
power vs. generator speed for an 
OptiSpeedTM wind turbine 
 
The shift between the different control areas is done with a logic block (Figure 174). This 
logic decides between the partial load controller, which is designed to keep the turbine 
operating on an optimal power set point, and the full load controller, which is controlling the 
speed, while the power is limited to the rated power. Both controllers are very similar to the 
described controllers used in the OptiSlip wind turbine model. The OptiTip feature 
introduced for the OptiSlip wind turbines pitch control is used in the OptiSpeed wind 
turbine is as well /56/.  
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Figure 174 Overall control scheme for the OptiSpeed turbine 
 
The OptiTip control strategy is useful to optimize the energy capture at partial load 
operation, while the turbine is operating at the low or high speed limit. In these areas it is 
not possible to operate at the aerodynamical optimum controlled by the speed. With 
adjusting the pitch angle according to a function found from the maximum of the cp – 
curves described for every tip speed ratio this is improved: 
( ) ( ) ( ){ }: , max ,opt p opt pc cϑ λ λ ϑ λ ϑ=  (241)   
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Figure 175 optimum pitch angle vs. tip speed ratio e.g. V80 rotor 
 
The model of the wind turbine with doubly-fed control is structured in the same way as the 
wind model with the variable rotor resistance in Matlab/ Simulink. There are three basic 
blocks. In the block “Electrical System” all electrical components as the DFIG, the 
transformer and the grid are implemented. In the block “Mechanical system”, the model of 
the pitch system, blades and drive train is in the same way implemented as described in 
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Chapter 6. The complete control system, wind turbine controller and doubly-fed control as 
described above are included in the block “Control”. 
 
 
Figure 176 Overall structure of the OptiSpeed wind turbine model in Matlab/ Simulink 
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Chapter 9 
 
9. Fault simulations with total turbine models 
 
With the two developed wind turbine models it is possible to investigate various operations 
from normal operation to fault situations. The main focus for the fault simulations is the 
clarification of the peak current after the incident to determine the necessary values for 
protection equipment design, the load torque on the shaft as design criteria for the gear 
box and coupling and the short circuit power contribution. These all are important design 
criteria for the wind turbine and for the grid connection of wind turbines. The simulated 
values are prospective, which means the wind turbine models continue operating during 
the fault, whereas in reality the protection mechanism would interrupt the wind turbines 
operation in order to protect the wind turbine. This is a well known method for researching 
the impacts during fault situations. 
 
9.1 Wind turbine model with variable rotor resistance 
 
In this chapter simulations with the V80 1.8 MW Vestas OptiSlip turbine have been made 
(Figure 177).  
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Figure 177 Outline of the wind turbine simulation model for fault simulation 
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Besides extreme fault conditions, e.g. three phase short circuit wind turbine operation at 
the border of the permitted operation limits are studied. Thereby the stability of the control 
system as well as the operation of the wind turbine can be proven. One of these limits is 
an occurrence of voltage drop as discussed in chapter 2.3.  
The standard wind turbine is specified to disconnect with occurrence of the voltage 
changes, excluding additional modifications, as shown in Table 9-1 and Figure 178. The 
different levels are implemented to distinguish the occurrences importance. 
 
Table 9-1 Voltage parameter limit values for V80 with variable resistance 
 voltage value [%] Time [s] 
High voltage 
 
+10 60 
Extreme high voltage 
 
+13,5 0.20 
Extreme extreme High 
voltage 
 
+20 0.08 
Low voltage 
 
-6 60 
Extreme low voltage 
 
-15 0.4 
Extreme extreme low 
voltage 
 
-25 0.08 
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Figure 178 Operational voltage limits for the OptiSlip V80 1.8 MW wind turbine 
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9.1.1 Simulation of a 15% voltage dip 
 
The turbine experiences a wind speed of 18 m/s and the turbine is controlled to produce 
the rated power of 1.8 MW. A short term voltage dip to 85% of the rated voltage, which is 
cleared within 400 ms should not lead to a disconnection of the turbine. In the simulation 
the grid voltage (primary transformer side) is tripping for 400 ms to 85% as shown in 
Figure 179. The voltage on secondary side of the transformer, the generator stator 
voltage, follows smoothly this dip Figure 180. 
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Figure 179 Grid voltage dip in p.u. 
(simulation input) 
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Figure 180 Voltage at generator stator in 
p.u. 
 
The occurrence can be separated into two incidents. The first is the drop of the voltage to 
85% rated voltage and the second, which usually is more stressing, the rising of the 
voltage back from 85% to rated voltage. To reinforce the research on the influence of 
different generator models the same simulations have been made including a generator 
model without saturation effects and one with saturation effects. Both simulations are 
shown together in the simulations in Figure 181. 
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Figure 181 Developed torque by the generator with different generator models with 
saturation effect (dotted line) and without saturation effects (solid line) 
 
At a wind speed of 18 m/s the torque on the shaft is high enough to produce maximal 
power of the turbine as shown in Figure 182.  
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Figure 182 Generator power during the 15% voltage dip while using a machine model 
including saturation (dashed line) and a model without saturation (solid line). 
 
The sign of the power is negative, which shows the flow of the power to the grid. During 
the voltage dip the current would increase however the rotor control system (VRCC) 
prevents this by increasing the external rotor resistance as shown in Figure 183. 
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Figure 183 External rotor resistance during the 15% voltage dip, model with saturation 
(dashed line) and without saturation (solid line) 
 
The increased rotor resistance results in an increased speed as shown in Figure 184. 
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Figure 184 Generator speed during 15% voltage dip using a machine model with 
saturation effects (dotted line) and without saturation (solid line). 
With the rotor current control the rotor current Figure 185 as well as the stator current 
Figure 186 are controlled to their rated values shortly after the start of the voltage drop as 
well as after the recovery of the voltage. 
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Figure 185 Rotor current during 15% voltage dip, machine model with saturation (dotted 
line) and without saturation effects (solid line) 
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Figure 186 Generator stator current during 15% voltage dip using machine model with 
saturation effects (dashed line) and machine model without saturation effect (solid line) 
 
Because the power control is very slow, the rotor current reference is constant during the 
voltage drop. The rotor current control keeps the rotor current continuously to the rated 
current. The reduced voltage and the constant current results in a decrease of the power 
supplied to the grid and therewith a decreased reaction torque of the machine, while the 
torque of the turbine shaft decreases much more slowly Figure 188. To keep the energy 
balance during the voltage dip the generator speed increases and the rotor power 
increases as shown in Figure 187. After the decrease of the shaft torque, the rotor power 
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and the speed decrease as well. 
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Figure 187 Rotor power using a machine model with saturation effects (dotted line) and 
without saturation (solid line) 
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Figure 188 Shaft torque during 15% voltage dip 
 
The OptiSlip turbine model shows a reliable operation during the voltage dip. Although the 
controller has to use the maximal available external rotor resistance the rotor current limits 
do not exceed the limits. The wind turbine is continuing in normal operation without any 
stability problems, which could cause a disconnection of the turbine. 
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9.1.2 Simulation of a 2 phase short circuit 
 
Preventing the wind turbine from permanent damage, it is important to be able to know the 
loads during extreme incidents such as 1-, 2- or 3-phase short circuits. The 3-phase short 
circuit is considered as the worst case, though it is symmetrical and not as frequent as the 
other two faults. Researching a 1-phase short circuit is not an easy task, since it requires 
access to the data for the grounding of the power system the wind turbine is connected to. 
Stressing the simulation model capabilities for researching asymmetrical conditions the 2-
phase short circuit without ground connection is researched. 
The 2-phase short circuit occurs at the primary side of the transformer terminals as shown 
in Figure 189. Due to the coupling in the transformer the secondary transformer voltage 
(the generator stator voltage) changes to an extreme voltage dip in phases one and two to 
a voltage level of approx. 50% and in phase three to a voltage level of approx. 9%.  
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Figure 189 Grid voltage of a 2-phase short-
circuit at transformer terminals (simulation 
input) 
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Figure 190 Voltage at the generator stator 
during 2-phase short circuit at the 
transformer terminals 
 
After the fast dropping of the voltage, the generator currents of all three phases rise as 
seen in Figure 191. Though the stator current is increased the field in the machine is 
decreased with accordingly a lower voltage, and it is not able to produce the amount of 
power as before, see Figure 192.  
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Figure 191 Stator current during a 2-phase-short circuit at transformer terminals, model 
with saturation (dotted line), without saturation (solid line) 
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Figure 192 Generator power during a 2-phase-short circuit at transformer terminals, model 
with saturation (dotted line), without saturation (solid line) 
 
 
The torque of the generator stresses the coupling on the shaft of the machine with short 
time torque oscillations see Figure 193. 
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Figure 193 Generator reaction torque (air gap torque) during a 2-phase-short circuit at 
transformer terminals, model with saturation (dotted line), without saturation (solid line) 
 
The rotor current control of the machine tries to reduce the current by increasing the 
external rotor resistance (Figure 194). This leads to a higher slip and therewith an increase 
of the generator speed (Figure 195). 
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Figure 194 External rotor resistance during a 2-phase-short circuit at transformer 
terminals, model with saturation (dotted line), without saturation (solid line) 
 
The external resistance shown in Figure 194 breaks to zero during the short circuit, 
because of the oscillations. In reality the external rotor resistance would keep its maximum 
value until the protection system short circuits the rotor terminals. Hence no protection 
system is implemented in this simulation you see the behaviour in case of continuing 
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control under a 2-phase short circuit. 
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Figure 195 Speed during a 2-phase-short circuit at transformer terminals, model with 
saturation (dotted line), without saturation (solid line) 
 
The existing energy is in this case supplied to the rotor of the machine and dissipated in 
the rotor resistance as it can be seen in Figure 196. This would damage the IGBT placed 
in the rotor circuit for the rotor control. In reality the IGBT protection system will stop the 
switching of the IGBT’s, which means the current will be going directly through the total 
connected resistances and not only through the controlled fraction of the resistance. In the 
presented case this will not help to reduce the current in the given time and will initialize as 
disconnection of the generator ca. 40 ms after the current is higher than 1.5 of rated rotor 
current (Figure 197). The limit is reached shortly after the 2-phase short-circuit start and 
therewith expected disconnection and stop of the wind turbine is ca. at time 2.04 s (40 ms 
after). 
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Figure 196 Rotor power during a 2-phase-short circuit at transformer terminals, model with 
saturation (dotted line), without saturation (solid line) 
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Figure 197 Rotor current during a 2-phase-short circuit at transformer terminals, model 
with saturation (dotted line), without saturation (solid line) 
 
9.2 Discussion 
 
Two cases with the OptiSlip wind turbine model have been simulated. Thereby each 
simulation has been carried out with two different precise generator models. The results of 
the simulation with the generator model including saturation effects and the simulation 
made with the generator model without saturation effects are depicted in the same graphs. 
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Due to the high changes during the fault occurrence the percentage differences between 
the simulated values are very small. In the shown cases the control of the wind turbine is 
reacting similarly with both generator models and the saturation effects do not lead to a 
general malfunction of the wind turbine. Therefore saturation effects can be neglected in 
the control itself. 
The simulated absolute values are somewhat different in both simulations, but it is difficult 
to compare. Even the primary transformer voltage is equally in both cases the secondary 
voltage of the transformer is dependent the current flowing through the transformer. The 
simulation with the generator model including saturation effects finds a stationary 
operating point with a 2% higher generator stator voltage as the generator voltage in the 
simulation with the generator excluded saturation effects (Figure 198). 
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Figure 198 Zoom into the generator stator voltage during 15% voltage dip, model with 
saturation (dotted line), without saturation (solid line) 
 
The generator current is therefore smaller compared to the current in the model without 
saturation effects, while the average power is equal in both simulations due to the power 
control of the system. The absolute difference of the stator current peak during the 
occurrence start of 15% voltage dip is 4% and at the end of the dip during the voltage rise 
it is 6%. 
The differences during the 2-phase short circuit are similar. Due to the shown small 
differences in the simulation model including and excluding saturation effect the neglecting 
of these influences could be easily drawn. 
However, these shown cases are made with only one machine type from supplier A having 
an R/X close to 0.05. Using a different machine supplier B with an R/X of 0.09 draws a 
total different picture of the influence of the saturation. Rushing into the conclusion to 
neglected saturation effects would exclude results using another machine type. The 
second machine B with the higher R/X value shows an increase of the currents to a 6% 
higher value during the 2-phase occurrence, while it is lower during rated conditions. 
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Figure 199 Zoom into the generator stator current during 15% voltage dip with machine B, 
model with saturation (dotted line), without saturation (solid line) 
 
As shown in the case it can have consequences, while rushing into conclusions from one 
example. The saturation effects could be easily excluded while using the machine type A 
while using the machine type B it would not be advisable. However, neglecting these 
effects in the start would have never shown these differences. 
To draw any general conclusions on the influence of saturation effects on the wind turbine 
behaviour more studies with different cases and different machines have to be 
investigated. Since this has not been done yet it is advisable to include saturation effects 
in the simulation of faults, hence it shows difference from 4 % and more and in the 
machine range (>600 kW) it might just give the difference of an enforced gear box or 
larger contactor in order to handle the stress during the fault. 
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9.3 Wind turbine model with DFIG 
 
Similar to the study with the OptiSlip wind turbine model, simulation with the OptiSpeed 
wind turbine model have been made. 
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Figure 200 Outline of the OptiSpeed wind turbine model for fault simulations 
 
The voltage availability of the standard V80 2MW wind turbine with DFIG is shown in Table 
9-1 and Figure 201. As in the case with the OptiSlip wind turbine a simulation with a 
voltage dip is performed. 
 
Table 9-2 Voltage values for the V80 2MW with DFIG 
 voltage value [%] Time [s] 
High voltage 
 
+10 – +6 60 
Extreme high voltage 
 
+13,5 0.20 
Extreme extreme High 
voltage 
 
+20 0.08 
Voltage operation band 
 
+/- 5  
Low voltage 
 
-10 60 
Extreme low voltage 
 
-15 - -13 0.4 
Extreme extreme low voltage -25 - -20 0.08 
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Figure 201 Trip voltage limits for the OptiSpeed wind turbine 
 
 
9.3.1 Simulation of a 25% voltage dip 
 
The standard V80 2MW wind turbine will disconnect if a short term voltages dip to 75% for 
80 ms occurs. In other words the turbine should withstand a short term voltage dip to 75% 
as long it is shorter than 80 ms. To show the effects of such a short term voltage dip it is 
initiated at the high voltage side of the transformer (Figure 203). The average input wind 
speed during the voltage dip is 10 m/s (Figure 202). 
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Figure 202 Input Wind Speed into the wind 
turbine model 
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Figure 203 25% voltage dip of the grid 
voltage as input into the wind turbine model 
 
The rotor load torque at the generator shaft is calculated from the wind speed and the cp-
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tables and includes oscillations according to tower shadow effects. At 25 s the voltage dip 
is initiated and after 80 ms cleared. The two incidences of voltage drop and voltage rise 
are close together and cannot clearly be separated though a difference in the simulation 
between the machine model including all saturation effects and the machine model without 
saturation effects is negligible during steady state operation. In dynamic situations the 
effects of saturation can clearly be seen. The simulation including the saturation effects 
shows a 3% higher generator reaction torque during the dynamic period. 
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Figure 204 Rotor torque (sampled value) and generator reaction torque – machine model 
with saturation (dotted line) and machine model without saturation effects (solid line) 
during 15% voltage dip 
 
The generator speed is not steady before initiating the voltage dip. Figure 205 show a 
poorly damped drive train oscillation in the generator speed, which is not related to the 
25% voltage dip. The fall and rise of the generator speed seen in Figure 206 is part of this 
oscillation. In the zoom some smaller superpose near 50Hz oscillation can be seen, which 
are related to the voltage dip. 
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Figure 205 Generator speed during 
operations of wind turbine model using a 
machine model with saturation (dashed 
line) and without saturation (solid line) 
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Figure 206 Zoom into the generator speed 
during 25% voltage dip of the wind turbine 
model using a machine model with 
saturation (dashed line) and without 
saturation (solid line) 
 
The turbine is operating in partial load and follows the optimal power output (strategy 2 in 
chapter 8.5). While the active grid power is controlled to a smooth output Figure 207, the 
generator stator power and the generator rotor power react to the voltage dip. The power 
flow through the converter from the rotor terminals to the grid is shown in Figure 208. 
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Figure 207 Generator active power 
reference (solid line) and feedback (dotted 
line) during a 25% voltage dip 
 
24.95 25 25.05 25.1 25.15 25.2
-0.05
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
po
w
e
r 
[p.
u.
]
time [s]
 
Figure 208 Generator rotor power (dotted 
line) and grid converter power (solid line) 
during 25% voltage dip 
 
Due to the dynamics in the power transported through the DC-link, the DC-link voltage is 
oscillating as shown in Figure 209. The oscillations in all signals excited with the voltage 
dip are disappeared at ca. 27 s after the grid voltage is restored. 
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Figure 209 DC-link voltage during 25% voltage dip on the wind turbine model using a 
machine model with saturation (dotted line) and a model without saturation (solid line) 
 
The grid current and the generator stator current increase during the voltage dip to 1.5 – 2 
times of the rated current output and have asymmetric behaviour as well. Approx. 2 s after 
the occurrence the rated steady state conditions are restored again. 
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Figure 210 Grid current of the wind turbine 
model using a machine model without 
saturation (solid line) and with saturation 
effects (dotted line) 
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Figure 211 Generator stator current during 
25% voltage dip using a machine model 
without saturation (solid line) and with 
saturation effects (dotted line) 
 
 
9.3.2 Simulation of 2 phase short circuit 
 
As mentioned in the study of the OptiSlip turbine, short circuits are an important issue to 
investigate in respect to loads at the wind turbine and the grid connection. The two phase 
short circuit is especially interesting, since it occurs frequently and it is due to the 
asymmetrical nature difficult to calculate with simple calculation methods. 
In the simulation a two phase short circuit on the transformer primary terminals is initiated 
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(Figure 212) 
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Figure 212 Grid voltage for a 2-phase short 
circuit on the V80 2 MW wind turbine model 
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Figure 213 Grid converter voltage on the 
tertiary transformer side of the wind turbine 
model 
 
The average wind input to the turbine during the 2-phase short circuit is 12 m/s. Having the 
same wind speed as input into the wind turbine simulation model using a machine model 
with saturation effects and without, the consideration of saturation effects lead to 2 
different operation points, which can be especially seen in the pitch angle. 
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Figure 214 Sampled wind input signal 
during the two phase short circuit of the 
V80 2 MW wind turbine model 
39.98 39.99 40 40.01 40.02 40.03 40.04 40.05 40.06 40.07
2.2
2.25
2.3
2.35
pi
tc
h 
an
gl
e
time [s]
Figure 215 Pitch angle, simulated using a 
machine model with saturation effects 
(dotted line) and without saturation effects 
(solid line) during  
 
The differences related to the saturation effects are minimal in the generator speed or 
torque. The wind turbine model including saturation effects has a steady state generator 
speed (Figure 216), which is 0.04% (ca 0.6 rpm) lower compared to the model without 
included saturation effects. While the rotor torque is nearly constant during the voltage dip, 
the generator reaction torque is reacting to the 2-phase short circuit (Figure 217). 
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Figure 216 Generator speed during 2-
phase short circuit using a model with 
saturation effects (dotted line) and a model 
without saturation (solid line) 
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Figure 217 Rotor torque and generator 
reaction torque using a model with 
saturation effects (dotted line) and without 
saturation effects (solid line)  
 
The active and reactive grid power, which is the addition of generator stator power and 
generator rotor power or grid converter power are decreasing due to the grid voltage drop. 
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Figure 218 Active grid power reference 
and feedback during 2-phase short circuit 
of the OptiSpeed V80 2 MW wind turbine 
model 
 
39.98 39.99 40 40.01 40.02 40.03 40.04 40.05 40.06 40.07
-0.25
-0.2
-0.15
-0.1
-0.05
0
0.05
re
ac
tiv
e
 
po
w
e
r 
gr
id
 
[p.
u.
]
time [s]
Figure 219 Reactive grid power reference 
and feedback signal during the 2-phase 
short circuit of the wind turbine 
 
Though the power exchange with the grid is very smooth during the short circuit 
occurrence there is a huge dynamical exchange between stator and rotor of the generator. 
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Figure 220 Grid power (solid line) and 
generator stator power (dotted line) during 
the 2-phase short circuit of a OptiSpeed 
V80 2 MW wind turbine model 
39.98 39.99 40 40.01 40.02 40.03 40.04 40.05 40.06 40.07
-0.5
0
0.5
1
1.5
2
2.5
3
po
w
e
r 
[p.
u.
]
time [s]
Figure 221 Grid converter power (solid 
line) and generator rotor power (dotted 
line) during the 2-phase short circuit on 
the wind turbine 
 
The current exchanged with the grid is shown in Figure 222. The current peak caused by 
the sudden voltage drop is approx. 13.1 p.u. for the machine model without saturation 
effects and 12.2 p.u. for the simulations using the machine model including saturation 
effects.  
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Figure 222 Grid current during the 2-phase short circuit on a V80 2MW wind turbine model 
using a machine model with saturation effects (dotted line) and without saturation effects 
(solid line) 
 
However in reality the short circuit current contribution is much less than shown in Figure 
222, since the over voltage protection system will trigger as soon the DC-link voltage 
(Figure 223) is 1.18 p.u. The grid current at this time is approx. 5 p.u. 
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Figure 223 DC-link voltage of the converter during the 2 phase short circuit 
 
 
9.4 Discussion of the simulation results 
 
The above chapters show a study with the Vestas OptiSpeed wind turbine model. An 
example for a simulation on the operation limit and a fault simulation has been made. 
Furthermore for the simulations two different machine models, one model including all 
saturation effects and one without any saturation effects have been used. The influence of 
machine saturation during general operation of the OptiSpeed wind turbine is negligible. 
The turbine finds its steady state in a minimal different operation point, which is due to the 
control characteristics of the speed control. In the simulations made only with the electrical 
system, neglecting the mechanical and aerodynamically elements of the turbine show no 
difference at all during simulation using the machine model with included saturation effects 
or without. Oscillations caused by the saturation effects are not clearly identified. Existing 
oscillations are due to drive train oscillation, which get energized partly from the control in 
the rotor terminals of the generator. This energizing of the oscillation on the other hand 
can be a sign of angle error supplied rotor currents at the rotor terminals. It is 
recommended to investigate this in future work. Another method to reduce oscillations is 
an active damping, which is used in the wind turbines. The effect of this active damping 
function can be seen in the two different simulation results of chapter 9.3.1 and 9.3.2. In 
the simulation of the two phase short circuit a changed damping parameters value has 
been used, which reduced the oscillations by about 9% compared to the simulation of the 
voltage dip, where the default value for the active damping has been used. (Figure 224, 
Figure 225). 
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Figure 224 Generator speed during 
operations of the OptiSpeedTM wind turbine 
model with default drive train damping 
parameter 
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Figure 225 Generator speed during 
operations of the OptiSpeedTM wind turbine 
model with different drive train damping 
parameter value 
 
However, the OptiSpeed wind turbine is operating through the voltage dip and stays inside 
the electrical operation limits. The gearbox of the turbine has to withstand load oscillations 
during the incident. These stresses are important to consider during dimensioning in order 
to keep the expected life time of the turbine. It is to notice though, that the model is not 
optimally tuned and the used parameters for these simulations are general predefined 
parameters. The possible exchanged power over the grid converter is limited due to the 
DC-link voltage and the maximal current through the inverter elements. This limit is 
reached as seen in Figure 208.  
Despite the oscillations in the drive train the grid power is smoothly controlled. The 
oscillation of the generator stator power is compensated with the addition of the generator 
rotor power. Generally it can be concluded, that the wind turbine with DFIG control is 
better grid compliant as the wind turbine with controlled rotor resistance. However the 
stress for the wind turbine components itself due to grid faults (torque oscillation and 
dynamic power exchange between stator and rotor of the generator) is considered harder 
on the wind turbine with the presented DFIG control. On the other hand the wind turbine’s 
stress is less under rated conditions compared to the wind turbine with controlled 
resistance. 
The influences of generator saturation effects are negligible in normal operation. In fault 
situation, the OVP will short circuit the rotor terminals of the generator, which enforces the 
natural behaviour of the induction machine and therewith increase the influence of 
saturation. 
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Chapter 10 
 
10. Conclusion 
 
In order to research and gain knowledge about wind turbine behaviour during grid faults or 
abnormal operations new wind turbine models have to be developed. Approximated 
behaviours are not sufficient for today’s tasks and therefore detailed multifunctional 
models have to be developed. In this thesis a detailed model of two wind turbine types has 
been developed to gain better understanding about dynamic behaviour during faults e.g. 
two phase short circuits or voltage dips. As a key issue, the induction generator’s 
behaviour has been investigated with a detailed three phase model. 
 
 
10.1 Summary of the work 
 
This thesis is focused on the development of a variable speed wind turbine model with an 
induction generator to be used in normal operation as well as in fault situations. To 
achieve this in detail, two specific wind turbine types from Vestas have been implemented 
in Matlab/ Simulink. The models shall provide opportunities for the investigation of a wide 
range of wind turbine sizes and different conditions while retaining easily accessible 
parameters which are used as input for the model. 
It is important to have adequate wind turbine models for the study of grid connection 
conditions. In Chapter 2 a few existing grid connection requirements are discussed and 
compared. 
The basis for a realistic representation of the wind turbine and their properties is an 
accurate model of the generator. The third chapter introduces therefore an analytical three 
phase machine model and discusses the improvement achieved by considering the effects 
of saturation. The behaviour of the model under normal operating conditions is validated 
by comparison with steady state measurements, and the applicability of the machine 
model during dynamic fault situations is validated with a direct on line start of a machine in 
a test bench. It is shown, that the consideration of leakage inductance saturation of the 
machine is especially important during fault situations. A simulated stator current with a 
machine model including main and leakage inductance saturation effects shows an error 
of less than 2% compared to the test bench test measurements, while during high currents 
an error of 20 % in peak values is observed. Though a 20 % error is large it none the less 
represents a 10% reduction in error compared to simulations with the simple machine 
models neglecting any additional effects. A further reduction of the error could be achieved 
while including further additional affects such as skin, proximity effect and iron losses, 
which are not included in this work. 
In addition to the three phase generator model, the whole electrical network is depicted in 
a three phase system. Development of three phase models and the implementation into 
Matlab/ Simulink turned out to be a rather challenging task. The transformations that are 
commonly used to simplify the mathematical representation of the system e.g. Park 
Transformation are appropriate for other purposes e.g. for control strategy development, 
but inadequate for the demands on these models. Though it is certainly possible to 
investigate symmetrical fault situations of wind turbines with a model system based on dq-
components (i.e. the Park - transformation), it presumes very detailed knowledge about 
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the total system configurations and has limited scope for adaptation to expansion and 
variations to other uses e.g. for asymmetrical simulations. Using a three phase system 
avoids any invalid assumptions introduced by the transformation theory and therefore 
introduces less error and represents more closely the physical system, which is a priority 
for the model. 
In chapter 4 the models of a three-phase two-winding, a three-phase three-winding and a 
three-phase autotransformer are developed, using the experiences gained from the 
machine modelling. The following Chapter 5 presents the modelling method “Dynamic 
Node technique”, which is needed in order to connect the electrical elements generator, 
transformer, grid elements and source to be able to simulate the complete wind turbine. 
The development of the wind turbine model is concluded by the implementation of a model 
for the aerodynamics (modelling the wind obtained power, pitch of the blades and 3p-
effect), the mechanical model (using two masses: representing the mass of the blades and 
the drive train, and including the generator axis) and the control systems. The models for 
the aerodynamical, the mechanical components and the control systems have been 
developed in different projects previously and have undergone several verification 
processes. The main challenge encountered during this work was related to combine the 
existing models with the own developed advanced electrical models into an efficient 
complete model. 
Because the control systems of the two investigated wind turbines types are different, a 
complete wind turbine model for the Vestas OptiSlip wind turbine and a complete model of 
the Vestas OptiSpeed turbines have been made. The control systems of the wind turbine 
with controlled resistance is shown and discussed in chapter 7 and the wind turbine control 
with DFIG is seen in chapter 8. 
With the two developed models, simulations of faults according to current grid connection 
requirements for wind turbines have been carried out. From the many presented 
requirements discussed, a two phase short circuit and a voltage dip were chosen for 
investigation. The two phase short circuit is an interesting case, because it occurs 
relatively often and presents an asymmetrical case. Further a voltage dip inside the 
operation limits of the two turbines has been investigated. Both faults were simulated with 
a generator model both including and excluding saturation effects. While in the simulation 
of an uncontrolled machine, these effects play an important role, they are minimal in a 
controlled wind turbine. In normal conditions the influence of machines saturation is 
minimal and can be neglected using the studied machine type. However, in fault situations 
the saturation effects do have a greater influence for some machine types. The two 
specific examples which have been investigated do not provide suitable basis to draw a 
general conclusion. Because of this it is an advantage to consider saturation effects during 
grid fault studies until a general conclusion can be drawn. 
 
 
10.2 Results obtained in the thesis 
 
The present thesis contributes to the body of research in the field of wind turbine 
behaviour in fault situations and their mathematical representation. 
 
The main contributions have been: 
 
• Overview of existing grid codes 
 
- Methods for comparing different grid connection requirements have been 
presented. 
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- Presentation of the perspective of network operators as well as the wind turbine 
manufacturer has been made. 
- Emphasis of important points for the development of wind turbine grid codes is 
made. 
 
 
• Modelling and analysis of the induction machine model 
 
- Analysis of different analytical induction machine representations has been 
made. 
- An advanced three phase ABC/abc induction machine model is developed in 
Matlab/ Simulink. The model includes a representation of leakage and main 
inductance saturation, as well as friction and windage losses. A discussion of 
the saturation influences due to faults is presented. 
- Measurements on a test bench at full-scale verifies the achieved model. 
 
 
• Modelling of electrical three-phase components 
 
- A three phase transformer model has been developed in Matlab/ Simulink. A 
two-winding three-phase autotransformer is presented. 
- A three phase 6th order transmission line has been implemented as well as a 
simplified three phase line model for the simulation of a grid. 
- Different three phase sources for the simulation of voltage dips, phase changes, 
frequency changes, voltage ramp and frequency ramps and harmonics are 
developed. 
 
 
• Modelling of two complete wind turbine systems (OptiSlip, OptiSpeed) 
 
- The models are reliable for research in symmetrical as well as asymmetrical 
fault situations and short circuits due to the three phase representation of the 
electrical system. 
- The models represent the two standard used control strategies and include 
previously validated aerodynamical and mechanical models. Completed with the 
electrical models it is believed to have a real representation of the behaviour of 
the wind turbines. 
- The model has particular importance for wind turbine component design and it is 
useful for studies of e.g. load and controller design. 
- Because it models the grid, it can be used for simple grid fault simulations and 
therefore it is useful as documentation for customers and useful as a supportive 
component for larger grid connection studies. 
- The model is easy to handle, since all input parameters used for the simulations 
are available by documentation inside the company. 
- The usage of Matlab/ Simulink keeps the specific model open for adaptation to a 
variety of uses, for example for the purpose of harmonic studies. 
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• Results obtained from the models 
 
- The generator effects like saturation are alleviated by doubly-fed operation and 
are more likely to be experienced with an induction machine with a short-
circuited rotor. 
- While the OptiSlip wind turbine model shows especially stresses of the electrical 
system during fault situations the OptiSpeed wind turbine model shows more 
stresses of the mechanical system compared to the electrical system, which is 
based on the control strategy. 
- The investigation with the OptiSpeed wind turbine model show high stresses 
internally in the turbine in order to retain good power quality. 
- The simulated examples show a satisfactory wind turbine operation within the 
accepted operation limits. 
- During modelling of the turbines a review of the control systems has been 
conducted. 
 
 
10.3 Future work 
 
The research captured in this work represents the state of the art of today, though it is only 
a step in the effort to clarify the influences of faults in wind turbines and their impact on the 
grid. The following are opportunities for future work: 
 
• An important part the wind turbine model yet to be implemented, is the total 
protection system of the turbine. A model encompassing this would to enable 
further fault studies. 
• Extending the model with recently developed control strategies for fault ride through 
capability. 
• Further validation of the transformer and the complete turbine models with 
measurements should be performed. 
• Implementation of other machine phenomena such as slots effects, skin effects and 
the implementation of a realistic converter model (switching model) to capture 
harmonic contributions to the turbine (flicker) and investigate overload conditions of 
the converter. 
• Expanding the study in order to clarify the influence of several different generator 
types and finding a rule for the machine phenomena. 
• Measurement of an asymmetrical fault to further validate the machine and wind 
turbine model. 
 
Another major challenge to modelling such a complex system with many nonlinear 
elements in Matlab/ Simulink is the stability of the simulation itself. Therefore one of the 
major issues beside the scientific work mentioned above is an optimisation of the models 
for the use in Matlab/ Simulink. Another possibility is to translate the achieved models from 
their representation in Simulink to Matlab (without Simulink) and use the graphical user 
interface programming which was recently introduced by Matlab or the use of another 
simulation platform altogether. 
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11.2 Glossary of Symbols 
 
Symbols 
 
a , j  complex Versors1 
a  , D  distance between the conductors 
12a , 23a , 13a  
Transformer ratio between side 1-2, 2-3 and 1-3 
pc  
Power coefficient 
e  induced voltage 
1f  Grid frequency 
1f , 2f , 3f , 4f , 5f , 6f , 7f  Functions of angle difference between phases used in machine 
and transformer induction matrix 
i  current 
m  number of phase 
n Number; gear ratio 
gn  
Generator speed  
0n  
Synchronous speed 
pp  pairs of poles 
r  radius 
rT equivalent circle radius 
Pr  
distance to a point 
rB equivalent radius of the n-bundle conductor 
s  slip 
u  voltage 
ue ratio between stator and rotor winding 
wv  
Wind speed 
1w , 2w  
Primary, secondary winding turns 
 
A Area 
B  magnetic field strength 
C Capacitance 
D  damping factor 
rDω  damping torque 
sE  from stator induced voltage 
H  electric field strength 
I Rms current 
r measI  Measured rotor current amplitude  
refI  Desired rotor current 
J  Inertia 
gesJ  Total inertia 
jjK , kkK , , jkK  kjK  Capacitance coefficients 
r
K  Generator constant 
pSK  Gain of the slave PI-controller  
pMK  Gain of the master PI-controller  
L inductance 
mL , hL  main flux inductance 
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mrms LL ,  mutual inductance stator, rotor 
msrL  stator – rotor couple inductance 
σL  leakage flux inductance 
N  number of turns 
ξN  effective number of turns 
1N , 2N  number of slots (stator, rotor) 
P active power 
P Potential used in line theory 
MP  Mechanical power 
wP  Power obtained from the wind 
Q reactive power 
Q Charge used in line theory 
R  Resistance 
'
extR  External rotor resistance  
S Apparent power 
AT  Aerodynamic torque 
cl ST  Closed loop slave controller time constant  
cl MT  Closed loop master controller time constant 
i ST  Integrator time constant for the slave PI-controller 
i MT  Integrator time constant for the master PI-controller 
eT  electromagnetic torque 
mT  mechanical load torque 
r
T  Generator time constant  
ST  Shaft torque 
U Rms voltage 
X  Reactance 
Z Impedance  
 
ε  Permittivity 
θ , ϕ  General angle 
γ  Angle to arbitrary rotating reference frame 
feκ , wκ  electrical conductivity of the core, winding material 
λ  Tip speed ratio 
µ  order of rotor harmonics  
feµ , airµ  Permeability of the core, air 
υ  order of stator harmonics 
pi  Constant pi 
ω  Angular speed 
rω  angular rotor speed 
eω  electrical angular rotor speed 
ϑ  Pitch angle 
ρ  rotor angle 
ρ  rotor angle velocity = rω  
ρ  rotor angle acceleration 
σ  Angle between rotor and flux reference frame 
 
Φ  flux 
Θ  mmf or magnetomotive force 
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Ψ  Flux 
 
Upper index 
 
s stator reference frame 
r rotor reference frame 
µ flux reference frame 
 
Lower index 
 
abc 3-phase rotor system of a machine 
a, b, c Phase a, b, c 
d , q components of Park’s transformation 
fw Friction and windage  
g generator 
k Short circuit 
rtd, n Rated/ nominal 
o No load/ open circuit 
ref reference 
s, r Stator, rotor 
 
ABC 3-phase stator system of a machine 
G Grid converter 
L grid 
R rotor 
 
0 Zero component 
123 3-phase systems of transformers 
1, 2, 3 Primary, secondary, tertiary 
 
α , β  components of Clark’s transformation 
µ, m Magnetizing parameter 
 
Special Symbols 
 
→ vector 
_ 
complex vector 
´ 
transposed systems with using ratio ue 
*
 
conjugate complex 
 
 
Abbreviation 
 
DC Direct Current 
DFIG Doubly Fed Induction Generator 
DOL Direct On Line 
EMK electromotive force 
IG Induction Generator 
2w3ph 2 winding 3 phase 
3w3ph 3 winding 3 phase 
OVP Over Voltage Protection 
VRCC Vestas Rotor Current Control 
VCS Vestas Converter System 
 
1Versor [NL., fr. L. vertere, versus, to turn. ] (Geom.) The turning factor of a quaternion. Note: The change of 
  
169 
one vector into another is considered in quaternions as made up of two operations; 1st, the rotation of the 
first vector so that it shall be parallel to the second; 2d, the change of length so that the first vector shall be 
equal to the second. That which expresses in amount and kind the first operation is a versor, and is denoted 
geometrically by a line at right angles to the plane in which the rotation takes place, the length of this line 
being proportioned to the amount of rotation. That which expresses the second operation is a tensor. The 
product of the versor and tensor expresses the total operation, and is called a quaternion. See Quaternion. 
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11.3 Coordinate transformation 
 
Vektor in Stator coordinates (as, bs) 
 
ss jjs eVeVV ϕϕ ⋅⋅ ⋅=⋅=  
 
Vektor in Rotor coordinates (ar, br) 
 
rr jjr eVeVV ϕϕ ⋅⋅ ⋅=⋅=  
 
Vektor in Flux coordinates (d, q) 
 
µµ ϕϕµ ⋅⋅
⋅=⋅=
jj
eVeVV  
 
angle correlation 
 
ρϕϕ += rs  
ρϕϕ −= sr  
γρϕγϕϕµ −+=−= rs  
ργγ += r  
rrs γϕγϕϕµ −=−=  
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s
Sj β⋅
ρ
ρω =R
0=Sω
R
Rj β⋅
Gω
γ
d
jq ϕ⋅+ je
ϕ⋅− je
rϕ
µϕ
sϕ
V
rγ
 
Figure 226 coordinate correlation 
 
 
Overview over transformation of an vector in different reference frames 
 
 
ϕje−⋅  ϕje⋅  
Stator – Rotor 
rj
jjjjjs
VeV
eeVeeVeV
r
rs
=⋅=
⋅⋅=⋅⋅=⋅
−+−−
ϕ
ρρϕρϕρ )(
 
Rotor – Stator 
sjr VeV =⋅ ρ  
Stator – Flux 
µϕ
γγϕγϕγ
µ
µ
VeV
eeVeeVeV
j
jjjjjs s
=⋅=
⋅⋅=⋅⋅=⋅
−
+
−−
)(
 
Flux - Stator 
sj VeV =⋅ γµ  
 
Rotor – Flux 
µϕ
ργργϕ
ργϕργγ
µ
µ
VeV
eeV
eeVeVeV
j
jj
jjjrjr rr
=⋅=
⋅⋅=
⋅⋅=⋅=⋅
−−
+−+
−−−−−
)()((
)()(
 
 
Flux – Rotor 
rj VeV =⋅ −+ )( ργµ  
 
Stator – Rotor Rotor – Stator 
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( )
( )
r
r
jjrjj
r
j
jr
j
j
j
s
Vj
dt
Vd
eeVjee
dt
Vd
e
dt
eVd
e
dt
eVd
e
dt
Vd r
⋅⋅+=
⋅⋅⋅⋅+⋅⋅=
⋅
⋅
=
⋅
⋅
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ρ
ρ ρρρρ
ρ
ρ
ρ
ρϕ
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s
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Vj
dt
Vd
eeVjee
dt
Vd
e
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eVd
e
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e
dt
Vd s
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⋅⋅⋅⋅−⋅⋅=
⋅
⋅
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⋅
⋅
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−−
−
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ρ
ρ ρρρρ
ρ
ρ
ρ
ρϕ
ρ


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Stator – Flux 
µ
µ
γ γ Vj
dt
Vd
e
dt
Vd j
s
⋅⋅+=⋅ −   
Flux - Stator 
s
s
j Vj
dt
Vd
e
dt
Vd
⋅⋅−=⋅ γγ
µ

 
 
Rotor – Flux 
µ
µ
ργ ργ Vj
dt
Vd
e
dt
Vd jr
⋅−⋅+=⋅ −− )()(   
 
Flux – Rotor 
r
r
j Vj
dt
Vd
e
dt
Vd
⋅−⋅−=⋅
− )()( ργργ
µ
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Correlation between Clark and Park transformation in with Space Vectors 
 
The Clark and Park transformation or the ,α β -coordinates and d, q coordinates are very 
similar. They are both in a space vector expressed 3-phase system. The only difference is 
the orientation ,α β -coordinates are refereed to the non-rotating stator reference frame, 
the d, q components are oriented to an rotating reference frame. 
 
The d, q – components in an arbitrary rotating frame can be achieved from the ,α β  - 
components with the transformation shown in equation (242), (244) and back 
transformation with equation (243), (245). 
 
( ) jd qi j i i j i e ϕα β − ⋅+ ⋅ = + ⋅ ⋅  (242)   
 
( ) jd qi j i i j i e ϕα β ⋅+ ⋅ = + ⋅ ⋅  (243)   
 
( ) ( )
( ) ( )
cos sin
sin cos
d
q
i i
i i
α
β
ϕ ϕ
ϕ ϕ
    
= ⋅    
−    
 (244)   
 
( ) ( )
( ) ( )
cos sin
sin cos
d
q
i i
i i
α
β
ϕ ϕ
ϕ ϕ
−    
= ⋅    
    
 (245)   
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ABSTRACT: The produced electrical power from wind has dramatically increased in the 
last years.    Therefore today’s wind turbines, which typically are centralised in wind parks, 
have a significant influence on the power production. Network operators have to ensure 
well function power transmission and supply to their customers. For this reason, there exist 
different requirements in the distribution and transmission net, which deal with controlled 
power production, connect/ disconnect requirements and behaviour during faults in the 
grid. Several Network operators have also introduced special grid connection requirements 
for wind turbines, which are mainly based on existing requirements for power plants. 
These requirements are a challenge for wind turbine producers. New hardware and control 
strategies have to be developed and existing control strategies have to be changed. The 
important changes are due to pitch control, power control, grid connection and error 
handling. The changes should not affect the already existing advantages of the wind 
turbines control strategies. 
The paper contributes a discussion of the existing grid codes and furthermore a control 
strategy developed by Vestas is presented.  
 
Keywords: wind power generation, grid code, wind turbine control 
 
 
1. INTRODUCTION 
 
It takes typically three to five years for the development of a new wind turbine from design 
to sale. As example the Vestas products over the past years are shown in Figure 6. 
A wind turbine is a state of the art product, which must meet the market demands. In 
addition, the cost per kilowatt should be low. The market for wind turbines and the 
demands imposed on the wind turbines are changing rapidly and are usually only satisfied 
by new technical solutions. The demands due to grid connection are especially 
challenging. Historically there were no demands, because the contribution into the 
electrical grid was insignificant.  
 
 
Published Papers 
 
 
2 
100
90
80
70
60
50
40
30
20
10
Capacity 55 kW 75 kW 90 kW 100 kW 200 kW 225 kW 500 kW 600 kW 660 kW 850 kW 1750 kW 2000 kW
First install. 1981 1984 1986 1987 1988 1989 1991 1995 1997 2000 1999 2000
Rotor 15/16 m 17 m 19 m 20 m 25 m 27/29 m 39 m 44 m 47 m 52 m 66 m 80 m
Control Stall Stall Stall Stall Stall Pitch Pitch/OptiSlip Pitch/OptiSpeed Pitch/OptiSpeed Pitch/OptiSpeed
Tow er 22 m 22 m 22 m 31 m 31 m 39 m 50 m 50 m 55 m 49- 65 m 60-78 m
MWh/year 217 265 301 346 662 860 1671 1904 2372 2998 5303 7041
Hub height, m
3000 kW
2002
90 m
Pitch/OptiSpeed
80 m60-100 m
Pitch/OptiSlipPitch/OptiSlip
Figure 227 Vestas Type Development 
 
Today wind turbines are typically connected in wind farms or parks. Their power 
contribution to the grid is similar to a power plant, which is connected to the distribution or 
to the transmission net. For every grid exist connection requirements (grid codes, 
connection codes or distribution codes) to ensure a save operation and fulfilment of quality 
demands. These requirements are besides juristic terms concerning frequency, voltage, 
power production and many others characteristics of the system. 
Unfortunately are wind farms only similar to conventional power plants. Unlike power 
production from nuclear power plants or coal power plants, where the possible power 
production is dependent on the mass of raw material and the consumed power, wind 
turbines are dependent on wind forecasting to guarantee a predicted power production. 
This forecasting of power production from wind turbines is not a simple task. A wind 
turbine has though some advantages compared to a conventional power plant. 
However typical demands for the generating units do not meet wind turbine characteristics. 
Special connection conditions have to be discussed. A few countries are already working 
on grid codes especially for wind turbines or wind parks or a modification of the existing 
code, which also meets wind turbine characteristics /23/. Figure 7 is visualising the grid 
code development compared to the turbines development and approximate turbine 
development time. 
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Figure 228 Wind Turbine development time and grid code demands 
 
Regrettably not all countries, where wind turbines are installed, have specific or modified 
grid codes. This makes development of future wind turbines very difficult. There is a big 
risk involved in developing new techniques to fulfill unspecified demands.  
An example how to tackle the grid requirements is the Vestas wind turbine V80. The V80 
turbine is capable to expand their functionality to fulfill the most common grid 
requirements. One possible solution, which will be discussed later in this paper, is the 
system which was developed and introduced in the offshore park at “Horns Reef” in 
Denmark with a total capacity of 160 MW. 
 
 
2. TO BE OR NOT TO BE -  
GRID CONNECTION DEMANDS 
 
The most wind turbine producers today deliver wind turbines to an international marked 
and are faced with a various number of grid requirements. Looking at a few of the existing 
grid codes it appears that there are very different in the most important characteristics. An 
example is the demand on the voltage tolerance of a system. Where in Australia the grid 
connected unit has to sustain 0% voltage for 175ms in Denmark it is only 25% voltage for 
100ms without disconnecting from the grid (see Figure 231). There is a huge difference 
for the turbine, if there is still some voltage available or not. However a voltage drop is 
always a very critical condition, because of e.g. the rising current, which can cause serious 
damage on the system. Usually the turbine gets disconnected to protect itself. A similar 
difference is seen in the active - reactive power capability and frequency fluctuation of the 
grid. (see Figure 10 and Figure 9) 
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Figure 229 active power (P) – reactive power (Q) demands 
 
The active - reactive power capability is typically described in one point, for a static 
reactive power exchange with the grid during 100% power supply. But why is the demand 
only for static condition and why only at one point? The answer lies in the history. 
The connection demands, which are also base for draft versions of wind turbine 
connection requirements, are primary made for integration of “generating units” into the 
grid. These “generating units” usually produces the full power after connecting to the grid 
and are slow in decreasing or increasing the power. The power production of a wind farm 
can vary between 0 and 100%, depending on the wind reserve and type. Because of the 
nature of wind power production from fluctuating wind, wind turbines have a fast power 
control. Wind farms therefore are capable in a short time to adjust power production. 
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Figure 230 Frequency fluctuations 
 
Historical power plants or “generating units” have big synchronous generators. Direct grid 
connected synchronous machines have stability problems due to load changes and 
frequency changes. Therefore an important issue is to operate in a wide range of 
frequencies (see Figure 9). A frequency change in a grid can be caused by loss of 
transmission and sudden demand changes or some problems of bigger power plans (loss 
of generation), which normally stabilise the grid frequency. Wind turbines with induction 
generators have no problem with asynchronous operation. Frequency operation range is 
more an issue of control strategy. A big frequency operation range for wind turbines and 
frequency control is therefore only interesting, if the net operator uses the wind farm for 
stabilising the grid frequency. Though wind turbines are able to tolerate big frequency 
changes they have difficulties to support frequency supporting operation in a wide range, 
hence the inertia in the system is very small. Anyhow it is a chance to include big wind 
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farms into superior grid control, because of the fast control possibilities. 
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Figure 231 Voltage tolerance curves 
 
For example it is possible to use the wind turbines reactive power capability for 
compensation or support of the grid in situation, where no active power is needed. In 
Figure 10 the possibility of the V80 to supply reactive power is shown. Hence Vestas is 
changing to star connection in small power ranges the reactive power capability is less as 
well. But it is possible to stay in delta connection with a loss of some efficiency. Even the 
wind turbine is in smaller power capable of an excellent power factor control it will cost 
extra money to expand the range, especially at rated power to generate reactive power.  
The in Figure 10, Figure 9, Figure 231 visualised data can be found in Table 3. This table 
show some chosen demands from the grid codes with the purpose of comparison the most 
important demands. The last column shows data for a standard V80 turbine with the 
modifications towards technical solutions developed for the “Horns Reef” project.  
 
But what is important, missing, or improvable in grid codes for wind turbines? 
 
• Turbine should start automatically with a pre-defined time delay and power ramp 
• Turbine should stop automatically with a pre-defined disconnection procedure (high 
wind or fault) and power ramp 
• The continuous frequency range should be defined. 
• A distinction between synchronous and asynchronous generator should be made. 
• A dynamical description during rated operation and fault situations regarding 
voltage, active power and reactive power should be made. 
 
The new grid connection demands from Germany /23/ have already included a lot of these 
points. Even they are not the best suited demands for wind turbines a big effort has been 
made to describe the expected behaviour. 
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3. CONTROL STRATEGIES 
 
A good example how to include wind farms control into the superior control can be shown 
in the “Horns Reef” wind farm. In this farm many of the listed demands are taken into 
account. Especially challenging were the demands during grid fault. Vestas developed a 
feature, which is specially designed to tolerate short time voltage reductions (fault-ride–
through capability). The grid support option limits the time before the turbine resumes pre-
fault power production and limits the risk of voltage collapse due to a very low reactive 
power draw after the clearance of the grid fault. The method takes advantage of the 
benefits of having a pitch controlled variable speed wind turbine. The doubly fed induction 
generator (DFIG) is operated with variable speed and active and reactive power of the 
generator is controllable via the back to-back Vestas Converter System. The turbine will 
always be connected to the grid, even at 0 voltage for 200ms (Figure 231). To ensure a 
safe operation point the pitch system is optimised to keep the turbine within normal speed 
condition and a UPS backup system secures power to the essential units. 
In order to use the method, new hardware and control strategies had to be developed and 
existing control strategies had to be changed. The important changes are due to: 
 
• Pitch control 
• Power control 
• Grid connection (Synchronisation) /Disconnection 
• Error handling 
• Backup 
 
In Figure 232 a simulated example for the control algorithm implemented in a V66 turbine 
is shown. After an occurrence of an error in the grid (such as a sudden voltage drop) the 
following steps are performed: 
 
1. The stator of the generator is disconnected from the grid 
2. The pitch reference is set to a no-load angle 0, where the rotor power is 0. 0 is 
continuously calculated based on the wind speed, generator speed and the Cp-curves.  
3. When the actual pitch position is close to 0 the controller is switched to speed control. 
The reference speed is set equal to the speed immediately before the error (although 
limited to the max. static speed). 
4. When the grid error is gone the normal procedure for connecting the wind turbine to the 
grid is started. 
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Figure 232 Control example simulation (V66-1.75 MW, wind speed 10 m/s)  
1) grid error state – characterise the voltage drop in the grid, 2) pitch angle [deg], 3) 
generator speed [rpm], 4) active power [kW] 
Figure 233 shows a measurement during two subsequently occurring grid faults. Thereby 
the same control steps like in the simulated example are performed. 
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Figure 233 Measured wind turbine response (V80-2 MW, wind speed 7 m/s) 
1) grid rms voltage [V], 2) wind speed, 3) pitch angle [deg], 4) generator speed [rpm], 5) 
active power [kW] 
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4. CONCLUSION 
 
There exist a lot of different grid codes all over the world. All wind turbine producers have 
a numbered product range, which should be able to fulfil as many grid requirements as 
possible. With the lack of conformability wind turbines will be designed for the codes for 
the biggest marked and the outer limits. This is limiting the prize reduction of wind turbine 
technology. Therefore a close working relationship between all grid operators, costumers 
and wind turbines producers is required to find acceptable demands in the near future. 
 
 
5. APPENDIX 
 
Table 3: Grid Codes Overview 
 
Condition Scotland
(SP Transmission & Distribution,
Scottish Hydro Electric)
Denmark
(Eltra)
Ireland
(ESB National Grid)
Germany
(E.ON additional WT -
rules)
Germany
(E.ON)
Australia
(NECA)
Vestas
(V80, Horns Reef)
High wind speed shut down neg power ramp within 30 min. stop wind speed e.g. 25
m/s
25 m/s
start 15 min. warning then power
ramp rate limit (>5 MW)
5 - 10 min after fault 1 hour, update every 5 min 10 min after fault clearance
Power Control Yes Yes yes Yes
Power ramp rate limit < 15 MW
 60 MW per hour, max 10 MW
per 10 min, max 3 MW per min
15 - 150 MW
4xrated power per hour, rated
power/1.5 per 10 min, rated
power/5 per min
>150 MW
600 MW per hour, max 100 MW
per 10 min, max 30 MW per min
1 min average
0 - 5% of rated power/ min
15 min average
5% of rated power/ min (<= 100 MW)
4% of rated power/ min (<= 200 MW)
2% of rated power/ min (> 200 MW)
after 0Volt - max 10%/
min
general - min 10%/min
min. 1% from Prated/min
20%/s or 5%/s after fault
typical:
start/ disconnection 50 kW/s
delta/ star change 100 kW/s
Power factor /
reactive power capability
0.95 lead to 0.85 lag Unity
power control
Q = + - 10%P
0.93 lead to 0.85 lag (100% power)
0.7 lead to 0.4 lag           (35% power)
P generating
0.975 lead to 0,975 lag
P consumtion
1 lead to 0.95 lag
Q trin: <= 0.5% , >= 25
kVar
0.95 lead 0.95 lag (<100MW)
>=100 MW dependant on voltage range
0.925 unit generating reactive power
0.98 lagging to unity (> 400 kV)
0.96 lagging to unity (250 kV - 400 kV)
0.95 lagging to unity (50 kV - 250 kV)
0.90 lagging to 0.90 leading (> 50 kV)
unity to 0.98 cap.
0.93 lead to 0.9 lag synchronous generator
unity to 0.95 lagging asyncronous generator
0.98 cap 0.96 ind. (100% power)
limited constant reaktiv power (0 - 100%
aktiv power)
0.2 cap. 0.2 ind. (power -> 0)
power factor adjustments
due to voltage,
power control, power factor control,
customer demands
Voltage range (Continuous operation) + - 10%  (132 kV, 275 kV)
+ - 5% (400 kV)
95% to 106% 92.5% - 102.5% (400 kV)
 95.45% - 109.1% (110 kV & 220 kV)
350 - 420 kV (380 kV) ->
92.1% - 110.5%
193 - 245 kV (220 kV) ->
87.7% - 111.4%
  96 - 123 kV (110 kV) ->
87.2% - 111.8%
  54 -   70 kV ( 60 kV) ->
90%    -  116.7%
350 - 420 kV (380 kV) -> 92.1% - 110.5%
193 - 245 kV (220 kV) -> 87.7% - 111.4%
  96 - 123 kV (110 kV) -> 87.2% - 111.8%
90% - 110% + - 5% (medium voltage)
+ - 10% (low voltage)
Voltage control Yes Yes
Voltage range +10% (400 kV)
+15% (275 kV)
+20% (132 kV)
(15 min. operation)
90% for 500ms
85% - 110% (60 min)
90% (minim. 10 to 60 s)
106% (minim. 60s)
110% (minim. 200 ms)
120% 0.1 s
25% 0.1 s
87.5% - 102.5% (400 kV)
90.9% - 109.1% (220 kV)
90 % - 111.82% (110 kV)
80% 3 s - 5 s
110% <= 100 ms
U>Umax - 30min
U<Umin at 110kV -> continous different
U<80% disconnection after min 3 s og
max 5s
generator terminal short circuit
70% - 700ms
70% - Umin for 700 - 1500ms
0% <= 0.175 s
80% -110% 10 s
90% - 110% 3 min
+ - 10% (60 s)
+ 13.5% (0.2 s)
add on
0% (0.2s)
0% - 80% (3s)
80%  (13s)
Voltage dip - no trips jan. 2004 - now
0% - 15% 140ms (132 kV)
0% - 15% 100ms (275 kV)
step <=10%
dip 95% (HV) 0.2 s
dip 50% 0.6 s
0% for 150 ms generator IK > 2*Irated
0% for 150ms
IK < = 2*Irated
15% for x<700ms
Harmonics G5/4 limits voltages <= 4% (10-20kV)
           <=3% (50 - 60 kV)
IEC/TR3 6100-3-6, 61000-3-7 IEEE519 - 1992
Isc/IL    THD
<50       2.5
 50        3.75
all known standarts
nominal frequency 50 Hz + - 0.5 Hz 50 Hz 50 Hz 50 Hz 50 Hz 50 Hz 50 Hz
Frequency range (Continuous operation) 47.5 to 50.4 Hz 49 to 51 Hz 49.5 to 50.5 Hz
49.8 to 51.0 Hz minimum operation
stay connected at frequ. Change 0.5
Hz/s
47.5 to 51.5 Hz 49,5 to 50,5 Hz
(99% to 101%)
49.9 to 50.1 Hz 49.5 to 50.5 Hz
Frequency range (Limited Operation) 47 to 47.5 Hz - 20s         <47 Hz
& >52 Hz tripp within 1s
51 to 53 Hz - 1 min
48 to 49 Hz – 25 min
47.5 to 28 Hz – 5 min
47 to 27.5 Hz – 10 s
 trip efter 200 ms
47.5 to 52.0 Hz - 60 min
47.0 to 47.5 Hz - 20 s
(if f<47.5 Hz)
47.5 to 49 Hz P>90% <47.5 Hz;> 51.5 Hz
(95% , 103%)
no delayed disconnection
47.5 to 51.5 Hz
no disconnection!
 49.75 Hz to 50.25 Hz
disconnected if outside the range for more
than 0.4
49.5 Hz to  49.9 Hz 4 min
47 to  49.5 Hz (Power increase)
50.5 to 53 Hz (Power decrease)
Frequency Control Yes Yes Yes (3% - 5%) yes yes Yes Yes
set value, min value, max value
power reduction:
10%, 0%, 25%
 deadband:
 0.1Hz,0 Hz, 0.5 Hz
 droop:
 5%, 3%, 20%
UCTE grid
second and minute
reserve
1.automatical 30 s  after f change
2. manually 5 s to 10 min after f
change
UCTE grid
second and minute
reserve
<100 MW volatatry
>=100 MW volantary
minute reserve (secondary control)
>= 100 MW participation in
second reserve (primary control)
- + 2% Prated
start +- 0.2 Hz in 30s to 15 min
sensibility +- 0.01 Hz
Power reduction at high frequency 2% reduction per 0.1 Hz above
50.4 Hz max. 10s
8% reduction per 0.1 Hz
above 50.25 Hz
4% reduction per 0.1Hz above 50.5Hz
frequency gradient <=0.5% per min
voltage gradient <=5% per min
2% power increase + decrease (initial power <
85%) per 0.1 Hz f reduction
2% power per 0.1 Hz
current fault level calculation of fault infeed from max. 3 - phase short cicuitcalculation/ imulat on
of  3 - phase short cicuit
current < = 1.2 Irated at
start
short circuit duration to 3
s
supply max apparent
current
current = 2 x rated current for >150ms supply current 1 to 5 p.u. ( ca. 60-100
ms)
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Abstract - Wind turbine modelling became an important part in the study of control, 
design and production of wind turbines. Thereby doubly-fed induction machine 
modelling as a part of variable speed wind turbines plays an important role. 
Therefore this paper is dealing with an introduction of a detailed analytical three-
phase induction machine model. The model uses only a minimum set of parameters. 
The simulation accuracy is dramatically improved by including the saturation of 
main and leakage inductances. In the end of the paper experimental measurements 
at an 850 kW test bench for model validation are included and a simulation of a 
three-phase short circuit on a variable speed wind turbine with doubly fed generator 
is shown.  
 
 
I. INTRODUCTION. 
 
The electrical power produced from wind has dramatically increased in the last years. 
Therefore today’s wind turbines have a significant influence on the power production [1]. 
On one side the network operators have to ensure well function power transmission and 
supply to their customers and on the other side wind turbine manufacturers have to design 
a high quality product for a reasonable price. In order to determine the impact of the 
existing wind turbines as well as planed wind turbines on the grid and ensure the proper 
functioning of the wind turbine, wind turbine models have to be developed /84/ - /88/. The 
models today are made for research of control strategies and stability behaviour. The 
recent field of interest is the behaviour during fault conditions, like short circuit and voltage 
drop /84/. The generator as the energy converter in a wind turbine has the most influence 
on the electrical system. Detailed modelling of the generator is therefore crucial in order to 
gain realistic behaviour of the wind turbines during faults. However, research in the field of 
generator modelling for wind turbines studies has been driven by finding a simplified model 
to shorten simulation time /42/, /61/, /20/. These models are mainly developed for research 
of the interaction of the wind turbines and the electrical grid or control purposes, where 
there is no need for very detailed models. Wind turbine manufacturers have a different 
interest on wind turbines models. Their main interest is the precise knowledge about the 
influence of certain grid conditions to the wind turbine itself. Detailed knowledge about e.g. 
the torque on the wind turbine shaft caused by faults in the grid or transient current rises is 
important for the estimation of the load on the wind turbines. An accurate as possible 
knowledge is ensuring the availability of the turbine for the estimated life time and low 
costs. Since the most wind turbine manufacturers don’t produce their own generators, 
there is only a minimum access to data. Representing a range of generators in a model, 
facing the additionally variation in each generators dimensions and material detailed FEM 
studies of the generator are not sufficient. 
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The purpose of the presented work is to find an analytical generator model for the 
simulation of fault conditions on variable speed Wind Turbines e.g. asymmetrical voltage 
supply or 1- ,2- , 3-phase short circuit using the program Matlab/ Simulink®. 
 
 
II. MODEL DEVELOPMENT 
 
A. Model development of the doubly fed induction generator (DFIG) 
 
As stated in the introduction the developed generator model will be used for the study of 
fault conditions like short-circuits or asymmetrical supply. Since the machine is used in 
variable speed wind turbines the rotor of the generator will be coupled to power 
electronics. Furthermore the model will represent a range of generators from 600kW up to 
3MW from different manufacturers. The generator is connected in star and as well as in 
delta. 
In general the data provided by machine suppliers are the parameters of the one-phase 
equivalent diagram Fig. 1 under rated conditions and the magnetizing curve. In some 
cases a set of one-phase equivalent parameters in saturated conditions is accessible as 
well. 
The in Fig. 1 shown one-phase equivalent diagram, is a well-known representation of an 
induction machine with stator resistance 
s
R , rotor resistance '
r
R , stator leakage inductance 
s
L
σ
 , rotor leakage inductance '
r
L
σ
, main or magnetizing inductance 
m
L , iron loss resistance 
m
R , slip s, stator voltage sU  and rotor voltage 'rU  related to the stator side of the 
machine . 
 
sj Lσω ' rj Lσω
mj Lω
'
rU
s
 
Fig. 1 One phase equivalent circuit diagram of a DFIG 
 
The development of a three-phase ABC/abc generator model is a challenge under the 
given circumstances. Though it is worth the effort, since a three-phase ABC/abc generator 
model gives the possibility to look at each phase separately as well as the coupling 
between the phases /104/ Thereby the ABC/abc model is not limited by conditions of 
symmetry of either supply voltages or phase impedances /79/. The three-phase analytical 
model can be easily improved with accessibility of more input parameters, without 
complete model changes. All these advantages are improving the simulation result. 
The basic equations for developing a three phase model can be found in various books 
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about electrical machines and drives /67/, /50/ and is shown in Figure 45. The variables of 
the machine are defined in vectors, where each element is represented per phase: 
 
sR
sR
sR
r
R
r
R
r
R
Aψ
Bψ
Cψ
aψ
bψ
cψ
Bu
Cu
au
bu
cu
ai
bi
ci
Ai
Bi
Ci
Au
 
ABC s ABC ABC
d
u R i
dt
= ⋅ + Ψ    
abc r abc abc
d
R i u
dt
Ψ + ⋅ =  
Fig. 2 Three phase equivalent ABC/abc circuit diagram of a doubly fed induction machine 
 
The voltage (1) for each stator and rotor phase of the machine with voltages u , the 
currents i  and flux ψ  are vectors by (2), (3), (4). 
 
d
u R i
dt
ψ= ⋅ +               (1) 
[ ]A B C a b c Tu u u u u u u=             (2) 
[ ]TA B C a b ci i i i i i i=              (3) 
[ ]TA B C a b cψ ψ ψ ψ ψ ψ ψ=            (4) 
 
The flux can be expressed as a product of the inductance matrix L  /79/ and the current 
vector i . 
Thereby the inductances
AA cc
M M represent the self or mutual inductances of stator and rotor 
in the inductance matrix and the variables 
A c
L L
σ σ
 represent the leakage inductances for 
each phase. All inductances are a function of the electrical angle between the 
phases ( ) ( )
AA cc AA cc
f f f fθ θ=  . 
 
A AA AA AB AB AC AC Aa Aa Ac AcAb Ab
B BB BB Ba Ba Bc BcBA BA BC BC Bb Bb
CA CA CB BC C CC CC Ca Ca Cc CcCb Cb
aB aBaA aA aC aC
bA bA bB bB bC bC
cB cBcA cA cC
L M f M f M f M f M f M f
M f L M f M f M f M f M f
M f M f L M f M f M f M f
L
M f M f M f
M f M f M f
M f M f M
σ
σ
σ
+ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
⋅ + ⋅ ⋅ ⋅ ⋅ ⋅
⋅ ⋅ + ⋅ ⋅ ⋅ ⋅
=
⋅ ⋅ ⋅
⋅ ⋅ ⋅
⋅ ⋅ ⋅
a aa aa ac acab ab
ba ba b bb bb bc bc
ca ca c cc cccC cb cb
L M f M f M f
M f L M f M f
f M f M f L M f
σ
σ
σ
 
 
 
 
 
 
 
 
 
 
+ ⋅ ⋅ ⋅
⋅ + ⋅ ⋅
⋅ ⋅ + ⋅
     (6) 
 
The inductance matrix is expressing the coupling of the flux in the stator and rotor 
windings. It takes a central position in the machine modelling. 
Depending on the form of the inductance matrix the machine model is more or less 
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detailed. Symmetrical build machine and a displacement between the stator and rotor 
phases of 120° the function of the electrical angle between the phases becomes a function 
of the displacement angle ρ  between stator and rotor as shown in (7) /79/. The functions of 
the electrical angle between the stator phases are constant and so are replaced 
by 0
AA CC
f f =  as well as the functions of the electrical angle between the rotor phases are 
constant and set to 0
aa cc
f f = . The functions of the electrical angle between the stator and 
rotor phases are dependant on the rotor position angle. There exist three different 
dependencies (7) which can be expressed by
1
, , , , ,
aA bB cC Aa Bb Cc
f f f f f f f= , 
2
, , , , ,
aC bA cB Ab Bc Ca
f f f f f f f=  and 
3
, , , , ,
Ac Ba Cb aB bC cA
f f f f f f f= . 
 
1 cosf ρ= , 2 cos ( 2 / 3)f ρ pi= + , 3 cos ( 2 / 3)f ρ pi= −         (7) 
 
When developing an analytical induction machine model for the purpose of e.g. short 
circuit simulation it is important to include saturation effects. The saturation of the field can 
be expressed as a change in magnetising and leakage inductance /30/. Thereby the 
change of magnetizing inductances as well as the leakage inductances is important. The 
variation of the magnetising inductance is achieved from the measured no load 
magnetizing curve Fig. 3, which depict the dependency of the no load voltage
0
U  and no 
load current I
µ
 (stator current). The no load situation can be obtained with running a rotor 
short circuit induction machine with the synchronous speed 
0
ω . With (8) the variation of the 
magnetizing inductance due to the magnetizing current can be calculated Fig. 4. 
 
2
20
0 02 ( )3 s m sm
U
L R R L
I σµ
ω ω⋅ = − + − ⋅
⋅
          (8) 
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U
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.
u
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Fig. 3 Measured no load curve for modelling the saturation of magnetizing inductance 
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Fig. 4 Magnetizing inductance depending on magnetizing current 
 
For the variation of the leakage inductance two points, the rated and saturated value, of 
one phase equivalent parameters is used. Using the stator current as a reference a 
modification of the leakage inductances per phase is possible as indicated in Table 1 and 
shown in Fig. 5. 
 
 
 TABLE 1 
 Leakage inductance saturation reference 
_____________________________________________________________ 
 Stator Current    Leakage inductance 
_____________________________________________________________ 
 
 0      rated value 
 
 rated value     rated value 
 
 blocked rotor current   saturated value of slip=1 
 
 10 x blocked rotor current  saturated value of slip=1 
_____________________________________________________ 
 
Published Papers 
 
17 
0 1 2 3 4 5 6 7 8 9 10
0.6
0.65
0.7
0.75
0.8
0.85
0.9
0.95
1
1.05
Is / p.u.
Ls
ig
m
a/
 
p.
u
.
 
Fig. 5 Example for stator (solid line) and rotor (dashed line) leakage inductance depending 
on stator current 
 
Since the model will be used for asymmetrical simulations a per phase variation of the 
parameters in the inductance matrix is used (9), as opposed to the common use of 
variation of the inductances using the slip as reference, which does initiate a variation in all 
three phases with the same value. 
Thereby the following groups can be defined. 
 
( );, , , , ,AA AB AC aa ab ac sA ra m AaL iM M M M M M M µ= =   ( )2
3
, , , , ,Aa Ab Ac aA aB aC srAa m AaL iM M M M M M M µ= =  
( );, , , , ,BA BB BC ba bb bc sB rb m BbM M M M M M M L iµ= =  ( )2
3
, , , , ,Ba Bb Bc bA bB bC srBb m BbM M M M M M M L iµ= =  
( );, , , , ,CA CB CC ca cb cc sC rc m CcM M M M M M M L iµ= =  ( )2
3
, , , , ,Ca Cb Cc cA cB cC srCc m CcM M M M M M M L iµ= =  
 
1 2 3
3 1 2
2 3 1
1 3 2
2 1 3
3
0.5 0.5
0.5 0.5
0.5 0.5
sA sA sA sA srAa srAb srAc
sB sB sB sB srBa srBb srBc
sC sC sC sC srCa srCb srCc
sraA sraB sraC
srbA srbB srbC
srcA src
L M M M M f M f M f
M L M M M f M f M f
M M L M M f M f M f
L
M f M f M f
M f M f M f
M f M
σ
σ
σ
+ − − ⋅ ⋅ ⋅
− + − ⋅ ⋅ ⋅
− − + ⋅ ⋅ ⋅
=
⋅ ⋅ ⋅
⋅ ⋅ ⋅
⋅
'
'
'
2 1
0.5 0.5
0.5 0.5
0.5 0.5
ra ra ra ra
rb rb rb rb
B srcC rc rc r rc
L M M M
M L M M
f M f M M L M
σ
σ
σ
+ − −
− + −
⋅ ⋅ − − +
 
 
 
 
 
 
 
 
 
 
   (9) 
 
Completing the model of the machine the torque is calculated from the three phase stator 
flux and stator current in (10). The equation of motion, including friction losses takes the 
form (11). 
 
( ) ( ) ( )( )
3
p
e A C B B A C C B A
p
T i i i= ⋅ Ψ − Ψ + Ψ − Ψ + Ψ − Ψ      (10) 
 
( )p
e m r
p
T T D
J
ρ ω= ⋅ − −           (11) 
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Where 
eT  air gap torque   
mT  load torque 
pp  number of pole pairs 
D  friction, windage loss factor  
J  generator inertia   
r
ω  rotor angular velocity  
ρ  second derivative of displacement angle 
 
 
B. Connection Conditions 
 
Considering the connection conditions of the machine a further simplification of the 
inductance matrix can be achieved, which gives the possibility of simplify the computing of 
the inverse matrix like proposed by Pillay /79/ and Goldemberg /30/. Assuming e.g. a YY 
connected machine with no external accessible star point and take equation (12) into 
account, the induction matrix takes the following form (13). 
 
0A B Ci i i+ + = , 0a b ci i i+ + =           (12) 
 
1 2 3
3 1 2
2 3 1
'
1 3 2
'
2 1 3
'
3 3 1
1.5 0 0
0 1.5 0
0 0 1.5
1.5 0 0
0 1.5 0
0 0 1.5
s s sr sr sr
s s sr sr sr
s s sr sr sr
sr sr sr r r
sr sr sr r r
sr sr sr r r
L M M f M f M f
L M M f M f M f
L M M f M f M f
L
M f M f M f L M
M f M f M f L M
M f M f M f L M
σ
σ
σ
σ
σ
σ
 
 
 
 
 
 
 
 
 
 
+ ⋅ ⋅ ⋅
+ ⋅ ⋅ ⋅
+ ⋅ ⋅ ⋅
=
⋅ ⋅ ⋅ +
⋅ ⋅ ⋅ +
⋅ ⋅ ⋅ +
    (13) 
 
All parameters are still achievable from the one phase equivalent diagram. Though notice, 
that the stator and rotor mutual inductances ,
s r
M M  are calculated to 2 / 3
m
L . 
 
In case of a ∆Y connected machine the coupling of the rotor phases can be simplified as 
shown above in the YY example, while leaving the stator phases untouched. The 
inductance matrix for a ∆Y connected machine takes the form shown in (14).  
 
1 2 3
3 1 2
2 3 1
'
1 3 2
'
2 1 3
'
3 3 1
0.5 0.5
0.5 0.5
0.5 0.5
1.5 0 0
0 1.5 0
0 0 1.5
s s s s sr sr sr
s s s s sr sr sr
s s s s sr sr sr
sr sr sr r r
sr sr sr r r
sr sr sr r r
L M M M M f M f M f
M L M M M f M f M f
M M L M M f M f M f
L
M f M f M f L M
M f M f M f L M
M f M f M f L M
σ
σ
σ
σ
σ
σ
+ − − ⋅ ⋅ ⋅
− + − ⋅ ⋅ ⋅
− − + ⋅ ⋅ ⋅
=
⋅ ⋅ ⋅ +
⋅ ⋅ ⋅ +
⋅ ⋅ ⋅ +
 
 
 
 
 
 
 
 
 
 
    (14) 
 
Leaving the magnetic coupling of the stator phases in the original allows the stator 
currents to flow in a circle. This gives a more realistic result than the usually used method 
of assuming a magnetically YY connected machine and afterwards calculation of the 
electrical delta coupling of the stator windings, which is shown in the following example. A 
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delta coupled generator experiences a 2-phase line to line short circuit at the terminals.  
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Fig. 6 Voltage at generator stator terminal during a two-phase short circuit 
 
While there is no difference between the simulated stator current under symmetrical 
conditions before the short circuit, the difference between the models can be seen in the 
asymmetrical condition Fig. 7. The current modeled with the star connected machine 
model and a calculated delta coupling shows difference in phase and amplitude to the 
current simulated with the delta connected machine model. 
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Fig. 7 Stator currents of the generator dashed line – star modeled machine with calculated 
delta coupling and solid lines – delta modeled machine 
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III. MODEL VALIDATION AND RESULTS 
 
A. Model validation with Direct On Line start measurement 
 
Different machine models have been validated by comparing a Direct On Line (DOL) start 
of an YY coupled machine. The DOL start has been chosen to produce high currents and 
achieve saturation effects in the machine, since real short circuits for validation of the 
machine model is not feasible in the researched machine size of 850kW to 3MW. As input 
for the simulation the measured per phase voltage (Fig. 8) of the machine is used. The 
voltage is dropping immediately while connecting the machine. Because the generator is 
not designed for DOL start, there is very little starting torque developed. Consequently the 
machine has a long time starting period. This gives the possibility to use it for validation. 
There exist an asymmetrical transient and a quasi stationary part during the DOL start of 
the machine. 
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Fig. 8 Stator voltages during the DOL start in p.u. 
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Fig. 9 Speed of the machine during DOL start 
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In Fig. 9 increasing speed during the DOL start is shown. Here the impact of saturation of 
leakage inductances is visible. The dotted line, which is simulated with the model including 
saturation of main and leakage inductance, is very close to the measured speed (solid 
line). The simulation using the model without leakage saturation and only main saturation 
are very close together. There is a big discrepancy between the simulated and the 
measured speed. 
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Fig. 10 Three-phase stator current transients during cut in of the machine 
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Fig. 11 Three-phase stator currents during quasi stationary period 
 
Using the simulation model including main and leakage saturation the error by simulating 
the highest stator current peak value at start up is minimized about 10%. The improvement 
by using a model included main saturation to a model without saturation at all is less than 
1%. In the quasi stationary period the error using the model including main and leakage 
saturation is reduced by 5%. 
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A. Machine model used for simulating a Wind Turbine 
 
The developed model is now applicable for fault simulation of a Wind turbine. As example 
a three phase short circuit on the transformer primary winding terminal of a variable speed 
1.8MW Vestas OptiSlip Wind Turbine Fig. 12 is simulated. The generator is a double fed 
induction generator of the type with delta connection in the stator windings and star 
connection in the rotor. At the rotor terminals a controlled resistance is connected, which 
allows a speed variation of 10%. The used model of the wind turbine is a complete model 
of the whole turbine, which imply a model of the drive train, aerodynamics and the total 
wind turbine control. 
 
 
IG
N1
N2
Wind
grid
pitch control resistor (slip) control
 
Fig. 12 Outline of the Vestas OptiSlip variable speed wind turbine 
 
With this model two simulations have been made with two different generator models (with 
and without saturation effects), while the rest of the model remains untouched. 
 
At time 2s a three-phase short circuit occurs at the primary side of the transformer. The 
wind turbine is operating at rated conditions at this time. The voltage on the secondary 
side of the transformer, which is seen as stator voltage at the generator terminals is shown 
in Fig. 13 and is therewith the input of the generator model. 
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Fig. 13 Voltage at generator stator terminals during a three-phase short circuit at the 
turbine 
Due to the transformer impedance the voltage after the transformer is not immediately 
dropping to zero. The generator experiences therefore only a voltage drop to 20% rest 
voltage, which minimizes the short circuit contribution. 
A further influence on the system is the controlled resistor, placed at the rotor terminals of 
the generator (Fig. 14). After the short-circuit occurrence the control increases the 
resistance to reduce the rotor current of the system. The rise of the resistance includes a 
huge damping in the system and minimizes short circuit contribution further. 
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Fig. 14 external controlled rotor resistor 
 
Despite all these described influences the effect of different generator models can be still 
seen in the generator stator currents Fig. 15. The current amplitude of the model with 
saturation effects shows a 4% higher value compared to the model without saturation 
effects on the highest peak. 
 
Published Papers 
 
 
24 
1.98 1.985 1.99 1.995 2 2.005 2.01 2.015 2.02
-3
-2
-1
0
1
2
3
st
at
o
r 
cu
rr
en
t/p
.
u
.
time/s
 
Fig. 15 generator stator current of model with saturation effects (solid line) and model 
without saturation effects (dashed line) 
 
The 4% higher amplitude of the current is important for the design of the protection system 
of the turbine. It might just be the critical contribution, which decides to upgrade the 
components of the turbine. 
 
 
CONCLUSION 
 
There are many different ways of machine modeling, but as the machines are designed for 
there application, the model has to be developed for the expected use and the reality. The 
in this paper presented three-phase model has been made for the purpose of fault 
simulation of Vestas variable speed wind turbines. Thereby it has been shown, that 
different analytical description of the e.g. connection of the machine phases have an 
increased importance, while looking at asymmetrical conditions. Leakage saturation has 
an important influence, while looking at short circuit contribution to the grid, which plays an 
important role for grid connection of the turbine. On the other hand the effect of main 
saturation is almost negligible. The ABC/abc machine model is beneficial to use, because 
it simplifies the inclusion of connection condition influence, per phase variability of 
saturation and it can be easily expanded for other simulation purposes e.g. asymmetry in 
the machine parameters or harmonics. 
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